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ABSTRACT

Selective hydrogenation of acetylene in excess ethylene is an important reaction in both fundamental study and practical
application. Pd-based catalysts with high intrinsic activity are commonly employed, but usually suffer from low selectivity. Pd
single-atom catalysts (SACs) usually exhibit outstanding ethylene selectivity due to the weak m-bonding ethylene adsorption.
However, the preparation of high-loading and stable Pd SACs is still confronted with a great challenge. In this work, we report a
simple strategy to fabricate Pd SACs by means of reducing conventional supported Pd catalysts at suitable temperatures to
selectively encapsulate the co-existed Pd nanoparticles (NPs)/clusters. This is based on our new finding that single atoms only
manifest strong metal-support interaction (SMSI) at higher reduction temperature than that of NPs/clusters. The derived Pd
SACs (Pd;/CeO, and Pdi/a-Fe,O;) were applied to acetylene selective hydrogenation, exhibiting much improved ethylene

selectivity and high stability. This work offers a promising way to develop stable Pd SACs easily.
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1 Introduction

Selective hydrogenation of acetylene in excess ethylene is an
important industrial reaction to remove trace acetylene impurities
in ethylene feed [1-3]. Supported Pd-based catalysts have been
extensively studied and industrially used for decades due to their
high intrinsic activity. However, the low selectivity, especially at
full acetylene conversion, has been a long-standing issue that
needs to be addressed. To improve ethylene selectivity, Pd active
sites are usually selectively poisoned [2, 4, 5] or diluted by another
metal to form Pd-M alloy/intermetallic compounds [6-16] in
industry. These strategies are certainly helpful to improve
selectivity but often at the cost of activity because substantial
amount of Pd is blocked by the poisonous substance or diluting
metals.

Recently, single-atom catalysts (SACs) have attracted
widespread attention in heterogeneous catalysis field because of
their superior activity and maximized metal atom utilization
efficiency [17-23]. Supported Pd SACs have shown outstanding
hydrogenation selectivity on account of the isolation nature of
supported metals [24, 25]. However, synthesizing stable and high-
loading Pd-based SACs, especially on oxide supports, still remains
a grand challenge. So far, only few examples regarding the
synthesis and application of Pd SACs with relatively high metal
loadings have been reported [26-29]. In addition, the stability of

SACs under reductive atmosphere is also a bottleneck in practical
application.

Strong metal-support interaction (SMSI), a phenomenon that
reducible oxides supported Pt-group metals will lose their
capability to adsorb small molecules such as CO and H, after high-
temperature reduction, has been intensively studied over 40 years
[30-38]. With recent discoveries on various new types of SMSI as
well as new characteristics of SMSI, this topic has attracted
renewed attention [38-50]. Recently, we have revealed that
Pt,/TiO, SACs can manifest classical SMSI but at a much higher
reduction temperature than that for Pt nanoparticles (NPs), and
the suppression of CO adsorption on Pt single atoms stems from
coordination saturation distinguished from the physical coverage
of Pt NPs by the support [51]. This finding offers a new strategy to
fabricate stable SACs with improved catalytic performance,
especially the optimized selectivity, by simply manipulating
reduction temperatures to control different support encapsulation
degrees.

Herein, we demonstrated that this strategy can be extended to
fabricate stable Pd SACs (Pd,/CeO, SAC and Pd,/a-Fe,O;) via
high-temperature reduction treatment of the corresponding
supported Pd catalysts prepared by common adsorption method.
The constructed Pd SACs show not only good stability but also
dramatically improved ethylene selectivity due to the weak m-
bonding adsorption of ethylene.
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2 Methods

2.1 Preparation

2.1.1 Chemicals

Cerium nitrate (Ce(NO;);6H,0), ferric nitrate (Fe(NO;);:9H,0),
sodium carbonate (Na,CO;), and tetraamminepalladium(II)
nitrate solution (Pd(NO;),4NH;, 10 wt.% in H,0) were all
purchased from Sigma-Aldrich. All reagents were analysis reagent
(AR) and were used without further purification. Deionized
water was obtained from a Millipore Autopure system.

2.1.2 Synthesis of support (CeO, and a-Fe, O;)

CeO, and a-Fe,0O; supports were synthesized by a co-precipitation
method. In detail, Ce(NO;);:-6H,0 (1 mol/L) or Fe(NO,);-9H,0 (1
mol/L) aqueous solution was added drop-wise into an aqueous
solution of Na,CO; (1 mol/L) under stirring with the final pH of
the solution being controlled at approximately 8. After being
stirred continuously and aged for 3 h, respectively, the resulting
precipitate was filtered and washed with distilled water. The
recovered solid was dried at 60 °C overnight and then calcined at
400 °C for 5 h, forming CeO, or a-Fe,O; support [40, 52].

2.1.3  Synthesis of 1 wt.% Pd/CeO, and 1 wt.% Pd/a-Fe,0;

The Pd species was introduced onto the support by a facile
adsorption method. In a typical preparation process, 1 g support
(CeO, or a-Fe,0;) powder was dispersed in 50 mL deionized
water with rigorous stirring. 0.27 mL of 10 wt.% Pd(NOs),-4NH;
in H,0 was added drop-wise into support suspension liquid under
stirring. After stirring for 4 h followed by aging for 2 h, the
solution was filtered and washed with deionized water. Then the
recovered solid was dried at 60 °C overnight and calcined at 400
°C for 5 h. The synthesized catalysts were denoted as Pd/CeO, and
Pd/a-Fe,05. Pd/CeO, was followed by reduction under 10 vol.%
H,/He at 200, 500, and 600 °C, denoted as Pd/CeO,-200H,
Pd/Ce0,-500H, and Pd/CeO,-600H, respectively. The Pd/CeO,-
600H catalyst was re-oxidized under 20 vol.% O,/He at 500 °C,
denoted as Pd/CeO,-600H-O500. Similarly, Pd/a-Fe,O; was
reduced and denoted as Pd/a-Fe,05-200H, Pd/a-Fe,O;-400H, and
Pd/a-Fe,05-500H, respectively. And the Pd/a-Fe,05-500H was re-
oxidized, denoted as Pd/a-Fe,O;-500H-O500.

2.2 Characterization

Inductively coupled plasma optical emission spectrometer (ICP-
OES): The actual Pd loadings of all catalysts were determined by
ICP-OES on ICPS-8100 instrument (Shimadzu Co., Ltd.).

X-ray diffraction (XRD): Powder XRD was performed at a
PANalytical X’Pert PRO X-ray diffractometer using Cu-Ka
radiation (A = 0.15432 nm), operating at 40 kV and 40 mA.

Aberration-corrected ~ scanning  transmission  electron
microscopy (AC-STEM), electron energy loss spectroscopy
(EELS), and energy disperse X-ray spectroscopy (EDS): The AC-
STEM, EDS, and EELS were obtained on JEOL JEM-ARM200F
operated at 200 kV equipped with a Gatan Quantum 965 image
filter system. The chemical compositions of the covering layer of
Pd NPs were characterized by directly putting electron beam at
the Pd NPs in a STEM mode. Before measurements, the samples
were ultrasonically dispersed in ethanol, and then a drop of the
solution was put onto the carbon film supported by a copper grid.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS): In situ DRIFTS was acquired with a VERTEX 70 V
infrared spectrometer equipped with a mercury cadmium telluride
(MCT) detector and operated at a resolution of 4 cm™ using 32
scans. Before CO adsorption, all catalysts were purged with pure
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He for 30 min at 200 °C after corresponding treatments
(reduction or re-oxidation). After cooled to room temperature, the
background spectrum was recorded and then 5 vol.% CO/He was
introduced into the reaction cell, and the spectra were collected
until the state steady. Subsequently, pure He was introduced again
to remove the gas phase CO, and the spectra were also recorded.

X-ray photoelectron spectroscopy (XPS): XPS characterization
was conducted on an X-ray photoelectron spectrometer (USA,
ThermoFischer, ESCALAB 250Xi) equipped with Al Ka excitation
source (1,486.8 eV) and with C as the internal standard (C 1s
=284.8eV).

Thermogravimetric analysis (TGA): TGA was conducted on a
synchronous thermal analyzer (STA 449 F3). The catalysts were
heated to 150 °C in O, flow with a ramp rate of 5 °C/min and
maintained at this temperature for 0.5 h to remove H,O, then
further heated to 800 °C with same ramp rate, recording the data
of weight.

2.3 Evaluation of selective hydrogenation of acetylene in
excess ethylene

Acetylene selective hydrogenation in excess ethylene over different
catalysts was evaluated in a quartz fixed-bed flow reactor (d
=10 mm) with 20 mg catalysts and 200 mg quartz sand diluted.
The as-prepared catalysts were reduced in H, (10 vol.% H,/He, 30
mL/min) at different reduction temperatures prior to the
hydrogenation reaction. After being cooled to room temperature,
feed gas of 2 vol.% C,H,, 20 vol.% H,, 40 vol.% C,H,, and balance
He (30 mL/min) was introduced to the fixed-bed reactor followed
by temperature programmed testing. Gas composition at the inlet
and outlet was analyzed by online GC (A91) equipped with a
flame ionization detector (FID) and a PORAPAK-N column with
helium as the carrier gas. In our tests, C,H, and C,H, were the
only C, products and the formation of oligomers was negligible,
most probably due to the basic property of CeO, and a-Fe,0O,
supports. The conversion of acetylene and the selectivity to
ethylene were calculated as the following

C,H, (feed) — C,H,

1 1
C,H, (feed) x100% M

Conversion =

C,H, — C,H,(feed)

Selectivity = (1 ¢ 2 ellee)
clecivity ( C,H, (feed) — C,H,

) X 100% 2)
where C,H,(feed) means the concentration of C,H, in feed gas,
C,H, means the concentration of C,H, after reaction, C,H(feed)
means the concentration of C,H, in feed gas, which is usually
nearly 0, and C,Hy means the concentration of C,H, after
reaction.

3 Results and discussion

The actual Pd loading on Pd/CeO, was measured to be 0.98 wt.%,
almost same to the nominal one, suggesting no Pd loss occurred
during catalyst preparation. The XRD patterns of the synthesized
CeO, and Pd/CeO, are presented (Fig.S1 in the Electronic
Supplementary Material (ESM)). Only diffraction peaks of CeO,
are observed but diffraction pattern associated with Pd species is
invisible, indicating a high dispersion of Pd species on Pd/CeO,.
This was confirmed by the AC-STEM images and EDS analysis
(Fig. S2 in the ESM), which shows the absence of Pd NPs on
Pd/Ce0O,-200H. Therefore, the Pd must be existed as highly
dispersed Pd small clusters and/or singly dispersed Pd atoms
which are hardly distinguished by AC-STEM due to the low Z-
contrast of Pd and Ce. But according to the DRIFTS results and
catalytic performance (we will discuss this later), we can safely

E‘N%IEI'SSQYILEQ @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(12): 10037-10043

claim that both are presented. After reduction at 600 °C, Pd/CeO,-
600H shows a mean Pd NP size of 2.8 nm (Fig. S3 in the ESM),
suggesting some Pd clusters and single atoms sintered upon
reduction. This is as expected due to the usually low stability of
SACs in reduction atmosphere. Pd single atoms are still presented
(see DRIFTS results later) but indiscernible on AC-STEM images
due to the low contrast [52-54].

One of the typical characteristics of classical SMSI is the mass
transport from support. On Pd/CeO,-600H the encapsulation
layer can be observed in bright filed (BF) images (Fig. 1(a)), and
the composition is CeO, confirmed by high-angle annular dark-
field (HAADF)-STEM and EELS (Figs. 1(b) and 1(e)). Another
characteristic of classical SMSI is that the encapsulation layer will
retreat after oxidation treatment, ie, encapsulation layer is
reversible under opposite treatment condition. We therefore
examined the Pd/CeO,-600H sample after oxidation treatment at
500 °C. Pd/CeO,-600H-O500 shows an obvious but not complete
retreat of the CeO, cover layer as confirmed by both BF-STEM
image (Fig. 1(c)) and the weakened EELS signal of Ce (Figs. 1(d)
and 1(e)), consistent well with the previous reports [33, 55-57].
Significantly, the Pd NPs became small with a mean size of 1.8 nm
(Fig. $4 in the ESM), suggesting a re-dispersion of Pd upon the
oxidation treatment [58-60].

DRIFTS of CO absorption (CO-DRIFTS) is one of the most
powerful techniques applied to the characterization of SMSI owing
to its sensitivity to probe both adsorption property and electronic
structure of catalysts. Adsorption suppression of small molecules,
electron transfer and the reversibility of above phenomena are all
discernible via CO-DRIFTS. We therefore performed CO-
DRIFTS to further verify SMSI of this set of catalysts and the
results are presented (Fig. 2).

For Pd/CeO, reduction at 200 °C (Pd/CeO,-200H), besides
gaseous CO (2,173 cm™ for R-branch and 2,120 cm™ for P-
branch), a strong peak centred at 2,080 cm™ and a broad band
existing in the range of 1,800-1,990 cm™ are observed. The former
is ascribed to linear CO adsorption on Pd NPs while the latter is
the bridged and/or three-hollowed CO adsorption [61]. The linear
CO adsorption on Pd single atoms is, unfortunately, overlapped
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with the P-branch of gaseous CO [62]. In addition, the linear CO
adsorption on Pd is too weak to be distinguished from gaseous
CO by simple He purge because linear CO adsorption will desorb
as well. However, by adjusting the CO inflow and desorption rate,
CO-DRIFTS spectra on Pd/CeO,-200H show an obvious linear
CO adsorption on single Pd atoms at 2,133 cm™ (Fig. S5 in the
ESM), suggesting the co-existence of Pd single atoms and
NPs/clusters. After reduction at 600 °C, both linear and bridged
CO adsorption on Pd NPs disappeared, suggesting the complete
encapsulation of Pd NPs by support. On the contrary, after He
purge for 0.5 and 1 min, the linear CO adsorption on Pd single
atoms can be observed clearly which is shifted to a lower
frequency (2,107 cm™) compared with that on Pd/CeO,-200H.
This assignment can be confirmed by the weaker adsorption and
no frequency shift with CO coverage upon purge, in contrast to
the stronger CO adsorption and frequency shift with CO coverage
change on Pd NPs (from 2,080 to 2,070 cm™). The lower
frequency must have originated from a lower chemical state of Pd
single atoms after high-temperature reduction. The DRIFTS
results and AC-STEM images verify the co-existence of Pd single
atoms and NPs on both Pd/CeO,-200H and Pd/CeO,-600H. The
presence of CO adsorption on Pd single atoms whilst absence of
CO adsorption on Pd NPs after reduction at 600 °C stresses that
the occurrence of SMSI on Pd NPs is easier than that on single
atoms [51]. After calcination at 500 °C under O, for re-oxidation
treatment (Pd/CeO,-600H-0500), all CO adsorption peaks on Pd
NPs appear again while the peak positions are slightly blue-shifted
and intensity is weakened compared with that on Pd/CeO,-200H,
implying the electron transport between metal Pd and support
CeO, and the encapsulation is not totally recovered in consistent
with the STEM characterization results.

XPS was also performed to verify the reversible electron transfer
between metal and support during the reduction and re-oxidation
processes for SMSI (Fig. 3). The Pd species with a binding energy
of 337.8 eV on Pd/CeQ, can be attributed to the Pd* (2 < § <4) in
the form of Pd,Ce, O, at the interfaces [63-66]. The binding
energies of Pd 3d decrease to 335 and 337 eV after reduction at
600 °C, which are assigned to a mixture of Pd’ in the metal state
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Figure1 (a) BF-STEM and (b) HAADF-STEM images of Pd/CeO,-600H; (c) BE-STEM and (d) HAADF-STEM images of Pd/CeO,-600H-O500; (e) EELS spectra

of Pd/CeO,-600H and Pd/CeO,-600H-O500.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



10040

Nano Res. 2022, 15(12): 1003710043

(a) (b)
IR :[ 0.02 CO'P!Q_‘Z‘,W? Iu_onz
- —/\/\ 0.5 %« CO adsorption
3 E
& [0 adsorption 5
= = N T 0.5 xHe-30's
£ o
Z 2
E .ﬂé —— He-1 min
He-5 min
He-5 min CO-Pd,, CO-Pd, 2407
1 1 i 1 1 1 1 L
2,300 2,200 2,100 2,000 1,800 1,800 2,300 2,200 2,100 2,000 1,900 1,800
Wavenumber (cm™) Wavenumber (cm™)
(c) (d)
To.00s
S 2150 7100 2050 E]
2 < co-Pd
> = !
2 = |sooH
n':# CO adsorption =
7 2
He-1 min
He-6 min CO-Pd_—= X
CO-Pd—'U ‘E:_.D.deP CO-PdNP
L i L L 1 L L 'l 'l
2,300 2,200 2,100 2,000 1,800 1,800 2,300 2,200 2,100 2,000 1,900 1,800

Wavenumber (cm™)

Wavenumber (cm™)

Figure2 CO-DRIFTS spectra at saturation coverage and followed by He purge at room temperature for (a) Pd/CeO,-200H, (b) Pd/CeO,-600H, and (c) Pd/CeO,-

600H-0O500; and (d) He purging of above three catalysts for the same time.
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Figure3 Pd 3d XPS results of (a) Pd/CeO,, (b) Pd/CeO,-600H, and (c) Pd/CeO,-600H-0500.

and Pd” in the form of PdO, [67], suggesting the presence of Pd
single atoms and electron transfer from the CeO, support to Pd
species. Subsequently, the binding energies shift to 337 and 337.8
eV after re-oxidation, respectively, which can be explained by only
partial electron transfer recovered in agreement with the CO-
DRIFTS results.

Above characterization results demonstrated that the
occurrence of SMSI on Pd NPs is easier than that on Pd single
atoms, and the physical coverage of NPs by support is the main
origin for the suppression of small molecules adsorption. Thus,
Pd,/CeO, SAC can be obtained from modifying common CeO,
supported Pd catalysts by controlling the SMSI state, ie.,
selectively encapsulating Pd NPs while exposing Pd single atoms.
Selective hydrogenation of acetylene in excess ethylene is of great
importance in both fundamental study and practical application,
and the ethylene selectivity is very sensitive to the isolation or
aggregation nature of Pd atoms [24]. Therefore, we can expect an
improved selectivity by manipulating the SMSI state.

The reaction was conducted below 200 °C for all samples at a
weight hourly space velocity (WHSV) of 90,000 mL/(h-g_,) (Fig.
4). Pd/Ce0O,-200H exhibits high activity with a full conversion at
80 °C but truly low selectivity (—900%), which means not only the
overhydrogenation of acetylene but also direct hydrogenation of

TSINGHUA
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raw ethylene occurred. After reduction at a higher temperature
(500 °C), the Pd NPs are partially encapsulated and the selectivity
dramatically increases from —900% to —50%, despite the activity
decreases  correspondingly. However, for Pd/CeO,-500H,
overhydrogenation and direct ethylene hydrogenation are still
existent. Further raising reduction temperature to 600 °C, the Pd
NPs are completely encapsulated while Pd single atoms exposed as
confirmed by the CO-DRIFTS results (Figs. 2(b) and 2(d)).
Acetylene is fully transformed at 160 °C and the selectivity
enhances significantly to 85%, which outperforms many
previously reported Pd-based catalysts [12,68-71]. Javier Pérez-
Ramirez has reported that CeO, itself is active for semi-
hydrogenation reaction [72]. However, a control experiment
shows that in our condition the CeO, support reduced at 600 °C
(CeO,-600H) is barely active, illuminating the reactivity comes
from isolated Pd active sites rather than reduced CeO, support.
Isolation nature of the Pd species is in favour of weak n-bonding
adsorption for ethylene, leading to a much higher ethylene
selectivity. It is emphasized that the SMSI effect guarantees the
catalyst stability via strong interaction which inhibits aggregation
for Pd atoms after high-temperature reduction.

It was demonstrated that SMSI effect is universal and can be
extended to other reducible oxide supports such as FeO,, MnO,

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure4 Catalytic performance of Pd/CeO, serial catalysts. (a) Acetylene conversion and (b) ethylene selectivity as a function of temperature for selective
hydrogenation of acetylene in excess ethylene over CeO,-600H, Pd/CeO,-200H, Pd/CeO,-500H, and Pd/CeO,-600H. Reaction conditions: 2 vol.% C,H,, 20 vol.% H,,

and 40 vol.% C,H, balanced with He; WHSV = 90,000 mL/(h-g,,).

and V,05 [55,73]. We therefore speculated that Pd SACs could
also be constructed on other reducible oxide supports, by
selectively encapsulating the co-existed NPs and exposing Pd
single atoms, to distinctly refine the catalytic performance. To
verify the universality, we further prepared Pd/a-Fe,O; catalyst by
same method with an actual Pd loading of 0.31 wt.% determined
by ICP-OES. Similarly, XRD measurement suggests no Pd
diffraction pattern was observed (Fig. S6 in the ESM). AC-STEM
and EDS images show no Pd NPs present on Pd/a-Fe,0O;, which
implies the high dispersion (Fig.S7 in the ESM). After low
temperature reduction, for Pd/a-Fe,O;-200H, the highly dispersed
Pd species is partly aggregated to Pd NPs, on which Pd single
atoms and NPs are co-existent (Fig. S8 in the ESM). After high
temperature reduction and re-oxidation, for Pd/a-Fe,05-500H
and Pd/a-Fe,0;-500H-0500, Pd species still exists in the form of
Pd single atoms and NPs (Fig. S9 in the ESM). AC-STEM and
EELS images show the reversible encapsulation of Pd NPs by
supporting FeO, after reduction at 500 °C and re-oxidation
treatment (Fig. S10 in the ESM). Electron transfer between Pd
species and a-Fe,O; was manifested by XPS results (Fig. S11 in the
ESM). The positive valence of Pd 3d after deeper reduction
at 500 °C is attributed to single atoms over Pd/a-Fe,O;-500H.
Based on above results, Pd/a-Fe,O; catalysts pretreated with
different reduction temperatures were applied to selective
hydrogenation of acetylene. Remarkably, same scenario to
Pd/CeO, catalysts was observed by controlling the SMSI effect.
Ethylene selectivity improved dramatically over Pd/a-Fe,O5-500H
after Pd NPs being completely encapsulated (Fig. S12 in the ESM),
much higher than Pd/a-Fe,0; reduced at 200 (without
encapsulation) and 400 °C (partial encapsulation of Pd NPs). The
stability of Pd/a-Fe,O5-500H was tested at 130 °C, when acetylene
conversion is increased from 97% to 100%, ethylene selectivity is
decreased slightly and then stable because the conversion of alkene
(reflected as alkene selectivity) is highly alkyne-coverage-
dependent (Fig. S12(c) in the ESM). TGA result reveals that there
is no obvious weight loss of the catalyst after durability test (Fig.
S13 in the ESM), which means no side reactions of
oligomerization or coking. Usually, C-C coupling of the
reactant/intermediates needs at least four continuous Pd sites and
coking generally is produced on extensive terrace sites [24, 74]. AC-
STEM images of used Pd/a-Fe,05-500H reveal the encapsulation
layer is intact and no sintering of Pd single atoms or Pd NPs (Fig.
S14 in the ESM), illuminating good catalyst stability.

4 Conclusions

In summary, we employed a simple encapsulation strategy to

construct Pd SACs, improving ethylene selectivity dramatically in
semi-hydrogenation of acetylene for Pd-based catalysts. Detailed
characterization analysis suggested that Pd NPs would be
completely encapsulated while the single Pd atoms exposed by
high-temperature reduction based on the different SMSI
occurrence conditions. Highly efficient and stable Pd,/CeO, was
successfully obtained, which showed the full acetylene conversion
at 160 °C and the selectivity enhanced much to 85%. The strategy
is universal and can be extended to other reducible oxide
supported Pd catalysts, such as Pd,/a-Fe,O;. This research
provides an alternative approach to prepare stable Pd SACs with
high selectivity for hydrogenation reaction.
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