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ABSTRACT: Pd catalysts are industrially used in the selective
hydrogenation of acetylene to ethylene. Terrace Pd atoms of
the closely packed {111} facets on supported Pd particles are
generally considered to be the catalytically active sites. We
herein report that deposition of an appropriate amount of
Ga2O3 adlayers on Pd particles supported on alumina by the
atomic layer deposition (ALD) technique substantially
enhanced the catalytic activity, selectivity, and stability in the
selective hydrogenation of acetylene to ethylene. Structural
characterization results demonstrate that Ga2O3 is preferen-
tially deposited at the edges and open facets of Pd particles with the ALD technique. This transforms the poisoning edge sites of
the {111} facets into the catalytically active terrace-like sites, leading to an increase in the number of active sites and subsequently
the enhancement of the catalytic activity; this also suppresses the formation of poisoning carbonaceous deposits on the open
facets and blocks the migration of carbonaceous deposits from the open facets to the neighboring active {111} facets, leading to a
significant improvement in catalytic stability. These results demonstrate a concept of selective oxide decoration to
comprehensively improve the performance of supported metal catalysts and provide a practical strategy.
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I. INTRODUCTION

Ethylene produced in steam crackers typically contains an
acetylene level on the order of 1%. The trace acetylene needs to
be removed to obtain commercially valuable ethylene stocks for
the polymerization process,1,2 which is industrially realized by
the selective hydrogenation of acetylene to ethylene catalyzed
by supported Pd catalysts modified by metal additives.3,4 The
surface chemistry of acetylene hydrogenation on Pd surfaces
has been extensively studied, and adsorption and reaction
behaviors of reactants and intermediates on Pd surfaces,
including the formation of hydride and carbide phases and of
carbonaceous deposits, have been demonstrated.5−15 Surface
science studies of Pd single-crystal surfaces and density
functional theory (DFT) calculation results demonstrate that
the close-packed Pd(111) surface is more selective than the
open Pd surfaces, whereas carbonaceous deposits form more
facilely on the open Pd surfaces than on the Pd(111)
surface.12−15 Therefore, metals alloying with Pd surfaces are
used as additives of industrial Pd catalysts to reduce active Pd
ensemble size (ensemble effect) or modify Pd surface electronic

structure (electronic effect) and subsequently to alter the
adsorption and reaction behaviors of reactants and inter-
mediates to increase the selectivity and stability of supported
Pd particles.4,8,11,16,17 For example, Ga that forms intermetallic
compounds with Pd was demonstrated as a nonprecious metal
additive.4

Oxide coatings on metal particles have been recently
demonstrated to render metal particles novel catalytic proper-
ties by creating very active metal oxide interfacial struc-
tures,18−20 stabilizing metal particles from sintering and coke
formation,21 and tuning catalyst selectivity.22−24 Atomic layer
deposition (ALD) is a powerful technique for coating metal
particles with oxide thin layers.25 Herein, we report that the
deposition of Ga2O3 adlayers on Pd particles supported on
alumina with the ALD technique preferentially occurs at edges
and open facets of supported Pd particles. Thus, an appropriate
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amount of deposited Ga2O3 adlayers transforms the inactive
low-coordinated edge sites of the {111} facets into the
catalytically active terrace-like sites and significantly slows the
poisoning process of the {111} facets. Consequently, the
catalytic activity, selectivity, and stability of Ga2O3-coated Pd
particles in the selective hydrogenation of acetylene to ethylene
are substantially enhanced.

II. EXPERIMENTAL AND CALCULATION METHODS
All catalysts were prepared by the ALD method on a custom
viscous flow reactor system (GEMSTAR-6TM Benchtop ALD,
Arradiance) using ultra-high-purity N2 (UHP, 99.999%) as the
carrier gas at a flow rate of 200 sccm. The Pd/Al2O3 catalyst
with a Pd loading of 0.23 wt % was prepared by Pd ALD on γ-
Al2O3 (Alfa Aesar, 99.5%; BET, 32−40 m2/g) at 150 °C using
palladium hexafluoroacetylacetate [Pd(hfac)2, Sigma-Aldrich,
99.9%] and formalin (Sigma-Aldrich, 37% HCHO and 15%
CH3OH in aqueous solution). The Pd(hfac)2 contained in a
stainless steel bubbler was kept at 65 °C. The adopted ALD
timing sequence included steps of 200, 200, 690, and 200 s,
corresponding to the metal precursor exposure time, the metal
precursor purge time, the formalin exposure time, and the
formalin purge time, respectively. Ga2O3−Pd/Al2O3 catalysts
were prepared by various cycles of Ga2O3 ALD on the acquired
Pd/Al2O3 at 200 °C using Ga(CH3)3 (Sigma-Aldrich, 99.9%)
and O2 (UHP, 99.999%). The adopted ALD timing sequence
included steps of 90, 180, 600, and 180 s, corresponding to the
metal precursor exposure time, the metal precursor purge time,
the O2 exposure time, and the O2 purge time, respectively.
Compositions of prepared catalysts were analyzed with an

Optima 7300 DV inductively coupled plasma atomic emission
spectrometer (ICP-AES). Powder X-ray diffraction (XRD)
measurement patterns were recorded on a Philips X’Pert Pro
Super diffractometer with Cu Kα radiation (λ = 0.15406 nm)
operated at 40 kV and 50 mA. X-ray photoelectron spectros-
copy (XPS) measurements were performed with an ESCA-LAB
250 spectrometer using monochromatized Al Kα radiation (hν
= 1486.7 eV) as the excitation source, and the likely charging of
samples was corrected by setting the binding energy of the
adventitious carbon (C 1s) to 284.8 eV. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were taken on a JEOL JEM-
2100F field-emission high-resolution transmission electron
microscope operated at 200 kV. Pulse chemisorption experi-
ments with CO were performed on an AutoChem II 2950
Chemisorption Analyzer with a thermal conductivity detector
(TCD) to detect the outlet CO concentration; 100 mg of
catalyst was used and pretreated in 5% H2/Ar at 150 °C for 1 h
and then cooled to 30 °C in He. The pulse gas (2% CO/He,
Nanjing ShangYuan Industry Factory) was kept at 110 °C, and
the volume of each pulse was 500 μL. Pulse chemisorption
experiments with C2H2 were performed on an AutoChem II
2950 Chemisorption Analyzer connected with a QIC-20 online
mass spectrometer to detect the likely products, including
C2H2, C2H4, C2H6, and H2; 50 mg of catalyst was used and
pretreated in 5% H2/Ar at 150 °C for 1 h and then cooled to 40
°C in Ar. The pulse gas (5% C2H2/Ar, Nanjing ShangYuan
Industry Factory) was kept at 110 °C, and the volume of each
pulse was 500 μL. In situ DRIFTS measurements were
performed on a Nicolet 6700 FTIR spectrometer equipped
with an in situ low-temperature DRIFTS reaction cell (Harrick
Scientific Products, Inc.) in which the sample temperature
could be controlled between 120 and 773 K. Twenty milligrams

of catalyst was loaded on the sample stage of the reaction cell.
The fresh catalysts were pretreated at 373 K under 5% H2/Ar
for 1 h and then cooled to room temperature (RT) in Ar; the
used catalysts were not pretreated. The reaction cell was then
evacuated, and the sample was cooled to 173 K; its DRIFTS
spectrum was taken as the background spectrum. Then CO
(1% CO/Ar) was introduced into the reaction cell by a leak
valve until the pressure reached 200 Pa, and the DRIFTS
spectrum was recorded after CO adsorption reached the steady
state. DRIFTS spectra were acquired at a resolution of 4 cm−1

with >256 scans using a MCT/A detector.
Catalytic reactions of selective hydrogenation of acetylene in

an ethylene-rich stream were conducted on a fixed-bed flow
quartz tube reactor. The reaction gas consisting of 0.3% C2H2,
33.1% C2H4, 0.6% H2, and 66% N2 was fed at a flow rate of 50
mL/min. Typically, 50 mg of catalyst was placed in the quartz
tube reactor, pretreated at 150 °C in a 5% H2/Ar mixture for 1
h, and then cooled to RT in Ar prior to the catalytic reaction.
The catalyst was heated to desirable temperatures, and the
composition of the outlet steam was analyzed by an online Fuli
9750 gas chromatograph equipped with a PLOT capillary
column (30 m × 0.53 mm × 10.0 μm) and a flame ionization
detector. Acetylene conversion and ethylene selectivity were
calculated as follows:

= −

×
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= −

−

− ×
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Experiments that examined adsorption of Ga(CH3)3 on
Pd(111) were performed on a stainless steel ultra-high-vacuum
chamber with a base pressure of 2 × 10−8 Pa. The chamber was
equipped with facilities for XPS, low-energy election diffraction
(LEED), and differentially pumped thermal desorption spec-
troscopy (TDS). A Pd(111) single crystal purchased from
MaTeck was mounted on the sample holder by two Ta wires
spot-welded to the back side of the sample. The sample
temperature could be controlled between 100 and 1473 K and
was measured by a chromel−alumel thermocouple spot-welded
to the backside of the sample. Prior to the experiments, the
Pd(111) surface was cleaned by repeated cycles of Ar+

sputtering and annealing until LEED gave a sharp (1 × 1)
diffraction pattern and no contaminants could be detected by
XPS. Ga(CH3)3 (>99.9999%) was purchased from Jiangsu Nata
Optoelectronic Material Co., Ltd. Exposures were reported in
Langmuirs (1 L = 1.33 × 10−4 Pa s) without corrections for
gauge sensitivity. XPS spectra were recorded using Mg Kα
radiation (hν = 1253.6 eV) with a pass energy of 20 eV.
All spin-polarized calculations were performed with the

DMol3 package26 with double-numeric quality (DNP) basis
sets, the DFT semicore pseudopotential (DSPP), and the PBE
functional.27 A real-space cutoff of 4.5 Å is adopted, and for
energy calculations, Fermi occupation was used. The Pd(111)
surface was simulated by five layers of Pd atoms, with the
bottom two layers fixed at bulk positions. To investigate the
surface adsorption and reactions, a (2 × 2) supercell was
adopted; (5 × 5 × 1) and (13 × 13 × 1) k-points were used for
geometric optimization and single-point energy calculation,
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respectively. The transition states of the elementary steps were
determined by synchronous transit methods.28

III. RESULTS AND DISCUSSION
The Pd/Al2O3 catalyst with a Pd loading of 0.23 wt % was first
prepared by one cycle of Pd ALD via alternating exposures of
palladium hexafluoroacetylacetate [Pd(hfac)2] and formalin on
γ-Al2O3 at 150 °C.

29 Ga2O3 ALD with different cycles was then
conducted to coat the Pd/Al2O3 catalyst via alternating
exposures of trimethyl gallium [Ga(CH3)3] and oxygen at
200 °C.30 The acquired Ga2O3-coated Pd/Al2O3 catalysts are
herein denoted as nc-Ga2O3−Pd/Al2O3, where n indicates the
number of Ga2O3 ALD cycles. The Ga loading is 0.65 wt % in
1c-Ga2O3−Pd/Al2O3 and gradually increases to 0.82, 0.97, and
1.19 wt % in 3c-Ga2O3−Pd/Al2O3, 5c-Ga2O3−Pd/Al2O3, and
10c-Ga2O3−Pd/Al2O3, respectively (Table S1). It can be seen
that the growth rate of the Ga2O3 loading in the Ga2O3−Pd/
Al2O3 catalysts decreases with an increase in the number of Ga
ALD cycles. This indicates that the deposition of Ga2O3 on the
already-existing Ga2O3 should be much less efficient than on
the Pd particles using our ALD recipe. Ga2O3 was also found to
be deposited on the bare γ-Al2O3 surface. XRD patterns of all
these catalysts exhibit diffraction peaks indexed to only γ-Al2O3
(Figure S1), indicating the high dispersion of supported Pd and
Ga2O3. Figure 1 shows Pd 3d and Ga 2p XPS spectra of all

catalysts. Pd/Al2O3 and Ga2O3−Pd/Al2O3 catalysts exhibit
similar Pd 3d XPS features with a Pd 3d5/2 binding energy of
335.4 eV, while Ga2O3−Pd/Al2O3 catalysts exhibit similar Ga
2p XPS spectra with a Ga 2p3/2 binding energy if 1117.4 eV.
Thus, Pd and Ga in all these catalysts are metallic Pd and
Ga2O3, respectively, and no detectable charge transfer occurs.
All catalysts were characterized via TEM and HRTEM in

detail (Figure 2). The large spheres of several tens of
nanometers in the STEM images are alumina spheres. The
Pd particles observed in Pd/Al2O3 (Figure 2A) exhibit a size
distribution of 2.0 ± 0.9 nm and clear lattice fringes
corresponding to Pd{111} across the entire Pd particle. In
1c-Ga2O3−Pd/Al2O3 (Figure 2B), the observed particles
consist of a core region with clear lattice fringes corresponding
to Pd{111} and ultrathin amorphous adlayers; meanwhile, the
observed particles exhibit a particle size distribution of 2.4 ± 0.9
nm, larger than Pd particles in Pd/Al2O3. The EDS elemental
mapping image acquired for relatively large particles (Figure

3A) demonstrates the presence of Ga on the surfaces of Pd
particles. All these microscopic observations confirm the
successful deposition of ultrathin Ga2O3 adlayers on the Pd
particles with the ALD technique. Similar to those in 1c-

Figure 1. (A) Pd 3d and (B) Ga 2p XPS spectra of (a) Pd/Al2O3, (b)
1c-Ga2O3−Pd/Al2O3, (c) 3c-Ga2O3−Pd/Al2O3, (d) 5c-Ga2O3−Pd/
Al2O3, and (e) 10c-Ga2O3−Pd/Al2O3.

Figure 2. Representative STEM and HRTEM images and Pd- and
Ga2O3-coated Pd particle size distribution histograms of (A) Pd/
Al2O3, (B) 1c-Ga2O3−Pd/Al2O3, (C) 3c-Ga2O3−Pd/Al2O3, (D) 5c-
Ga2O3−Pd/Al2O3, and (E) 10c-Ga2O3−Pd/Al2O3.

Figure 3. STEM images with inserted Pd and Ga EDS mapping
images of the indicated Ga2O3-coated Pd particles of (A) 1c-Ga2O3−
Pd/Al2O3 and (B) 10c-Ga2O3−Pd/Al2O3 catalysts.
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Ga2O3−Pd/Al2O3, the particles in 3c-Ga2O3−Pd/Al2O3, 5c-
Ga2O3−Pd/Al2O3, and 10c-Ga2O3−Pd/Al2O3 catalysts are Pd
particles coated with ultrathin Ga2O3 adlayers (Figures 2 C−E
and 3B). The average particle sizes were determined to be 2.6
± 0.7, 2.7 ± 0.7, and 2.7 ± 1.1 nm in 3c-Ga2O3−Pd/Al2O3, 5c-
Ga2O3−Pd/Al2O3, and 10c-Ga2O3−Pd/Al2O3, respectively.
These results indicate that the average thickness of Ga2O3
adlayers on Pd particles increases with the number of Ga ALD
cycles and approaches ∼0.7 nm in 10c-Ga2O3−Pd/Al2O3, but
the average Ga2O3 adlayer thickness seldom increases from 5c-
Ga2O3−Pd/Al2O3 to 10c-Ga2O3−Pd/Al2O3. This also demon-
strates that the deposition of Ga2O3 on the already-existing
Ga2O3 should not be efficient.
The coverages of Ga2O3 coated on Pd particles were

quantitatively studied with CO pulse chemisorption. The
results (Figure 4) demonstrate that the CO adsorption amount

of Ga2O3−Pd/Al2O3 catalysts decreases with the number of
ALD cycles, being 2.85 × 10−7, 2.36 × 10−7, 1.17 × 10−7, 0.82
× 10−7, and 0.31 × 10−7 mol for Pd/Al2O3, 1c-Ga2O3−Pd/
Al2O3, 3c-Ga2O3−Pd/Al2O3, 5c-Ga2O3−Pd/Al2O3, and 10c-
Ga2O3−Pd/Al2O3, respectively. Thus, Pd particles are coated
with Ga2O3 in Ga2O3−Pd/Al2O3 catalysts whose coverage
increases with the number of ALD cycles. Calculated from the
CO adsorption amounts, the percentages of Pd surface sites
available for CO adsorption covered by Ga2O3 are 17, 59, 71,
and 89% for 1c-Ga2O3−Pd/Al2O3, 3c-Ga2O3−Pd/Al2O3, 5c-
Ga2O3−Pd/Al2O3, and 10c-Ga2O3−Pd/Al2O3, respectively.
The catalytic performance of Pd/Al2O3 and Ga2O3−Pd/

Al2O3 catalysts in the acetylene hydrogenation reaction in
excess ethylene was evaluated (Figure 5A,B). 5c-Ga2O3/Al2O3
prepared by the ALD method does not show measurable
activity. Pd/Al2O3 is active even at 30 °C, and the extent of
C2H2 conversion increases with reaction temperature. The
C2H4 selectivity remains above 90% at reaction temperatures
below 50 °C but then rapidly decreases with an increasing
reaction temperature. The negative C2H4 selectivity observed at
≥70 °C suggests that a very small amount of C2H4 in the
reactants should be hydrogenated to C2H6. These behaviors
agree with previously reported catalytic behaviors of ultrafine
Pd particles supported on γ-Al2O3 in the acetylene hydro-
genation reaction in excess ethylene.5−7 1c-Ga2O3−Pd/Al2O3

with Ga2O3-coated Pd particles is strikingly more active than
Pd/Al2O3. Meanwhile, the C2H4 selectivity of 1c-Ga2O3−Pd/
Al2O3 is similar to that of Pd/Al2O3 at reaction temperatures
below 60 °C and much higher than that of Pd/Al2O3 at
elevated temperatures. With an increase in the coverage and
thickness of Ga2O3 adlayers on Pd particles, the catalytic
activity of Ga2O3−Pd/Al2O3 catalysts continues to decrease
with C2H2 conversions lower than that of Pd/Al2O3 while the
C2H4 selectivity keeps increasing. These observations demon-
strate that Ga2O3 adlayers on supported Pd particles generally
enhance the selectivity in the acetylene hydrogenation reaction
in excess ethylene and that the appropriate amount of Ga2O3
adlayers on supported Pd particles in 1c-Ga2O3−Pd/Al2O3 can
meanwhile greatly enhance the catalytic activity. The latter is
unexpected because the Ga2O3 adlayers decrease the number of
available Pd surface sites on Pd particles.
The stabilities of Pd/Al2O3, 1c-Ga2O3−Pd/Al2O3, and 3c-

Ga2O3−Pd/Al2O3 catalysts at 40 °C were further evaluated
(Figure 5C). Both the C2H2 conversion and the C2H4
selectivity of Pd/Al2O3 decrease slowly while the reaction
proceeds and then sharply decrease after 116 h reaction. 1c-
Ga2O3−Pd/Al2O3 is not only more active than Pd/Al2O3 but
also significantly more stable. The C2H2 conversion decreases
very slowly and retains ∼70% of its initial value after reaction
for 300 h, while the C2H4 selectivity remains constant at ∼95%.
3c-Ga2O3−Pd/Al2O3 with an activity poorer than those of both
1c-Ga2O3−Pd/Al2O3 and Pd/Al2O3 exhibits a very stable
catalytic activity with no decrease within 216 h reaction, but the
C2H4 selectivity decreases from ∼95 to ∼85% after reaction for
160 h. Thus, coating supported Pd particles with Ga2O3
adlayers by the ALD method can generally enhance not only
the selectivity but also the stability in catalyzing the acetylene

Figure 4. (A) Pulse chemisorption of CO on (a) fresh Pd/Al2O3, (b)
1c-Ga2O3−Pd/Al2O3, (c) 3c-Ga2O3−Pd/Al2O3, (d) 5c-Ga2O3−Pd/
Al2O3, and (e) 10c-Ga2O3−Pd/Al2O3 catalysts at 30 °C. (B)
Calculated amounts of adsorbed CO during the pulse CO
chemisorption experiments.

Figure 5. (A) Acetylene conversion and (B) ethylene selectivity as a
function of reaction temperature and (C) stability at 40 °C of (a) Pd/
Al2O3, (b) 1c-Ga2O3−Pd/Al2O3, (c) 3c-Ga2O3−Pd/Al2O3, (d) 5c-
Ga2O3−Pd/Al2O3, and (e) 10c-Ga2O3−Pd/Al2O3 in the acetylene
hydrogenation reaction in excess ethylene (0.3% C2H2, 33.1% C2H4,
and 0.6% H2 in N2 with a GHSV of 17060 h−1).
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hydrogenation reaction in excess ethylene. In particular, the
Ga2O3 adlayers in 1c-Ga2O3−Pd/Al2O3 simultaneously and
significantly enhance the catalytic activity, selectivity, and
stability. This is very unusual for a single additive to achieve
such comprehensive promotion effects on the catalytic
performance of a supported metal catalyst as the Ga2O3
adlayers in 1c-Ga2O3−Pd/Al2O3. These results indicate
Ga2O3 adlayers as a novel oxide additive with supreme
promotion effects on supported Pd catalysts used for the
industrial selective hydrogenation process of acetylene to
ethylene. Our Ga2O3−Pd/Al2O3 catalysts consist of Ga2O3-
coated Pd particles; thus, we do not think the ensemble effect
usually observed in the Pd-M alloy catalysts contributes much
to the observed comprehensive promotion effect of Ga2O3
adlayers.
Adsorption of CO on Pd/Al2O3 and Ga2O3−Pd/Al2O3

catalysts was studied with in situ DFIFTS spectra to probe
the surface structures of Pd particles (Figure 6A). Adsorption of

CO on Pd/Al2O3 exhibits three CO vibrational bands at 2100,
1973, and 1934 cm−1 that can be assigned to linear-adsorbed
CO on the {111} facets of Pd particles, bridge-adsorbed CO at
edges and facets other than the {111} facets of Pd particles, and
bridge-adsorbed CO on the {111} facets of Pd particles,
respectively.31−33 The CO vibrational band at 2100 cm−1

obviously grows, while the band at 1973 cm−1 is attenuated
for adsorption of CO on 1c-Ga2O3−Pd/Al2O3. With a further
increase in the coverage and thickness of Ga2O3 adlayers on Pd
particles, only the CO vibrational bands at 2092 and 1934 cm−1

appear and are gradually attenuated. In an approach to
quantitative analysis, the DFIFTS spectra of CO adsorption
were fitted with OMNIC Spectra Software, from which the
percentages of various CO species could be calculated. Then in
combination with the absolute total amounts of adsorbed CO
determined by CO pulse chemisorption results, we acquired the
absolute amounts of various CO species on Pd/Al2O3 and
Ga2O3−Pd/Al2O3 catalysts. As summarized in Table S2, the
absolute amounts of linear-adsorbed CO on the {111} facets of
Pd particles are 1.08 × 10−7, 1.30 × 10−7, 0.40 × 10−7, 0.29 ×
10−7, and 0.11 × 10−7 mol for Pd/Al2O3, 1c-Ga2O3−Pd/Al2O3,
3c-Ga2O3−Pd/Al2O3, 5c-Ga2O3−Pd/Al2O3, and 10c-Ga2O3−

Pd/Al2O3, respectively; the absolute amounts of bridge-
adsorbed CO at edges and facets other than the {111} facets
of Pd particles are 0.68 × 10−7 and 0.31 × 10−7 for Pd/Al2O3
and 1c-Ga2O3−Pd/Al2O3, respectively, and zero for the other
three Ga2O3−Pd/Al2O3 catalysts, and the ratios between linear-
adsorbed and bridge-adsorbed CO on the {111} facets of Pd
particles are similar for 3c-Ga2O3−Pd/Al2O3, 5c-Ga2O3−Pd/
Al2O3, and 10c-Ga2O3−Pd/Al2O3. These results suggest that
Ga2O3 adlayers should be preferentially deposited at edges and
facets other than the {111} facets of supported Pd particles,
resulting in a decrease in the magnitude of the CO vibrational
band at 1973 cm−1 in Ga2O3−Pd/Al2O3 catalysts. In particular,
the amount of Ga2O3 adlayers deposited at the edges of the
facets adjacent to the {111} facets of supported Pd particles in
1c-Ga2O3−Pd/Al2O3 is appropriate for the creation of
additional {111} terrace sites for linear CO adsorption, leading
to an increase in the magnitudes of the vibrational bands of
corresponding adsorbed CO. Ga2O3 adlayers at larger
deposition amounts completely coat the edges and facets
other than the {111} facets of supported Pd particles and
subsequently the {111} facets of Pd particles, resulting in a
continuous decrease in the magnitudes of CO vibrational bands
at 2092 and 1934 cm−1 in 3c-Ga2O3−Pd/Al2O3, 5c-Ga2O3−
Pd/Al2O3, and 10c-Ga2O3−Pd/Al2O3 catalysts.
On the basis of these results, we proposed the structures of

Pd particles in Pd/Al2O3, 1c-Ga2O3−Pd/Al2O3, and 3c-Ga2O3−
Pd/Al2O3 catalysts schematically illustrated in Figure 7.

Supported Pd particles in Pd/Al2O3 were thought to take a
typical polyhedron shape enclosed with {111} and {100} facets.
In 1c-Ga2O3−Pd/Al2O3, the {100} facets of supported Pd
particles are partially coated with Ga2O3 while the Pd{111}
facets are not. The presence of Ga2O3 adlayers at the Pd{100}
surface next to the Pd{100}−Pd{111} edges will coordinate to
the edge atoms of Pd{111} facets. This transforms the original
weakly coordinated edge sites of the {111} facets into the
{111} terrace-like sites with Ga2O3 edges. Thus, Pd particles in
1c-Ga2O3−Pd/Al2O3 exhibit more {111} terrace sites for linear
CO adsorption than those in Pd/Al2O3, although they are
coated with Ga2O3. In 3c-Ga2O3−Pd/Al2O3, the {100} facets
and the edge atoms at the adjacent Pd{100} and −Pd{111}
facets of supported Pd particles are fully coated with Ga2O3 and
the Pd{111} facets are partially coated.
To understand the ALD process, we studied the adsorption

of Ga(CH3)3 on a Pd(111) surface with XPS (Figure 8).
Exposure of Ga(CH3)3 at 140 K gives rise to a C 1s XPS peak
at 283.5 eV and a Ga 2p3/2 XPS peak at 1116.3 eV, indicating
molecular adsorption of Ga(CH3)3. Exposure of Ga(CH3)3 at
500 K gives rise to a C 1s XPS peak at 284.2 eV and a Ga 2p3/2
XPS peak at 1116 eV, suggesting the decomposition of

Figure 6. (A) In situ DRIFTS spectra of CO adsorption at 173 K on
(a) Pd/Al2O3, (b) 1c-Ga2O3−Pd/Al2O3, (c) 3c-Ga2O3−Pd/Al2O3, (d)
5c-Ga2O3−Pd/Al2O3, and (e) 10c-Ga2O3−Pd/Al2O3. The dashed
lines correspond to the fitted spectra. (B) In situ DRIFTS spectra of
CO adsorption at 173 K on (a) fresh Pd/Al2O3, (b) 1c-Ga2O3−Pd/
Al2O3, and (c) 3c-Ga2O3−Pd/Al2O3 catalysts, corresponding pulse-
chemisorbed catalysts after the pulse chemisorption of C2H2 at 40 °C,
and corresponding used catalysts after the stability evaluation at 40 °C.
(C) Pulse chemisorption of C2H2 on (a) fresh Pd/Al2O3, (b) 1c-
Ga2O3−Pd/Al2O3, and (c) 3c-Ga2O3−Pd/Al2O3 catalysts at 40 °C.

Figure 7. Schematic structural illustrations of supported Pd particles in
Pd/Al2O3- and Ga2O3-coated Pd particles in 1c-Ga2O3−Pd/Al2O3 and
3c-Ga2O3−Pd/Al2O3. The red, blue, green, orange, and yellow spheres
represent terrace atoms of Pd (111) facets, facets other than Pd(111),
corner and edge atoms of Pd(111) facets, Al2O3, and Ga2O3,
respectively.
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Ga(CH3)3 into C and Ga; a subsequent oxidation at 500 K for
10 min removes most C on the surface and oxidizes Ga into
Ga2O3. The corresponding Pd 3d5/2 XPS spectra indicate that
charge transfer occurs from Pd to Ga but no charge transfer
occurs between Pd and Ga2O3. These results suggest that
Ga(CH3)3 should decompose on the Pd surface under our
ALD conditions. Thus, it is reasonable that the dissociation of
Ga(CH3)3 preferentially occurs at edges and facets other than
the {111} facets of supported Pd particles with low
coordination numbers and enhanced reactivity. Similar
deposition behaviors of Al2O3 adlayers on supported Pd
particles as determined by the ALD method employing
trimethyl aluminum [Al(CH3)3], an analogue of Ga(CH3)3,
were previously observed.34

Correlating the surface structures of supported Pd particles
in Pd/Al2O3 and Ga2O3−Pd/Al2O3 catalysts probed by CO
adsorption with their catalytic performances could lead to the
conclusion that the Pd{111} facets are active in catalyzing the
selective hydrogenation of acetylene to ethylene. The trans-
formation of the low-coordinated edge sites of the {111} facets
into the {111} terrace-like sites in 1c-Ga2O3−Pd/Al2O3
increases the fraction of {111} facets on supported Pd particles
and thus enhances the catalytic activity in the selective
hydrogenation of acetylene to ethylene. Deposition of Ga2O3
adlayers in larger amounts decreases the fraction of {111} facets
on supported Pd particles and subsequently the catalytic
activity.
Surface structures of supported Pd particles in the used

catalysts after the stability evaluation were also probed with CO
adsorption (Figure 6B). The used Pd/Al2O3 catalyst without
measurable catalytic activity does not chemisorb CO,
demonstrating the poisoning of the entire {111} facets by
surface carbonaceous deposits.5−7 The used 1c-Ga2O3−Pd/
Al2O3 catalyst with increased acetylene conversion but
unchanged ethylene selectivity exhibits two bands arising
from linear-adsorbed and bridge-adsorbed CO on the
Pd{111} facets. Via a comparison of those on the fresh 1c-
Ga2O3−Pd/Al2O3 catalyst, both bands are significantly
attenuated and slightly red-shifted. Via a comparison of the
fresh 3c-Ga2O3−Pd/Al2O3catalyst, the used 3c-Ga2O3−Pd/
Al2O3 catalyst with an unchanged acetylene conversion but
decreased ethylene selectivity exhibits a weakened and red-
shifted band arising from bridge-adsorbed CO at the Pd{111}
facets and a tiny band arising from linear-adsorbed CO at the
Pd{111} facets.

The large differences in Pd surface sites available for CO
adsorption between the fresh 1c-Ga2O3−Pd/Al2O3 or 3c-
Ga2O3−Pd/Al2O3 catalysts and the corresponding used
catalysts with respect to the differences between their acetylene
conversions indicate the formation of carbonaceous deposits on
the fresh catalysts at the very beginning of the acetylene
hydrogenation reaction. Results of C2H2 pulse chemisorption at
40 °C (Figure 6C) show that the amounts of C2H2 for
irreversible chemisorption or decomposition decrease in the
following order: Pd/Al2O3 (1.338 × 10−6 mol) ≫ 1c-Ga2O3−
Pd/Al2O3 (5.83 × 10−7 mol) > 3c-Ga2O3−Pd/Al2O3 (3.42 ×
10−7 mol). Only vibrational bands arising from linear-adsorbed
and bridge-adsorbed CO on the Pd{111} facets could be
observed on all the catalysts subjected to pulse C2H2 pulse
chemisorption at 40 °C (Figure 6C). Via a comparison of those
on the corresponding fresh catalysts, both bands weaken and
red-shift. Thus, the initial formation of carbonaceous deposits,
i.e., the irreversible chemisorption or decomposition of C2H2,
should preferentially occur at the edges and facets other than
the {111} facets of supported Pd particles with enhanced
reactivity and could be suppressed by Ga2O3 adlayers
preferentially deposited at the same sites of supported Pd
particles in the Ga2O3−Pd/Al2O3 catalysts. Only the Pd{111}
facets partly covered with carbonaceous deposits are available
on supported Pd particles for chemisorption after the formation
of carbonaceous deposits due to the initial C2H2 irreversible
chemisorption or decomposition. This further confirms that the
Pd{111} facets on supported Pd particles are responsible for
the activity in catalyzing the selective hydrogenation of
acetylene to ethylene.
The formation of carbonaceous deposits is common on

supported Pd catalysts during acetylene hydrogenation
reaction. The subsurface atomic carbon formed on supported
Pd particles was proposed to promote the selective acetylene
hydrogenation to ethylene.5−8,12 Our results suggest that
initially formed carbonaceous deposits at the edges and facets
other than the {111} facets of Pd particles should exert a
negative effect on catalyst stability. The acetylene conversion of
Pd/Al2O3 and 1c-Ga2O3−Pd/Al2O3 with initially formed
carbonaceous deposits at the edges and facets other than the
{111} facets of Pd particles slowly decreases while the reaction
proceeds at 40 °C, whereas that of 3c-Ga2O3−Pd/Al2O3
without initially formed carbonaceous deposits at the edges
and facets other than the {111} facets of Pd particles remains
stable. Such poisoning carbonaceous deposits are likely
polymeric carbonaceous deposits that were previously observed
to propagate from the edges and facets other than the {111}
facets of Pd particles to the neighboring {111} facets.35 The
Ga2O3 adlayers preferentially deposited at edges and facets
other than the {111} facets on Pd particles suppress the initial
formation of polymeric carbonaceous deposits therein and
significantly slow the formation of poisoning carbonaceous
deposits on the catalytically active {111} facets.
As shown in Figure 6C, the ratio between linear-adsorbed

CO and bridge-adsorbed CO on the Pd{111} facets of the
pulse-chemisorbed catalysts is smaller than that of the
corresponding fresh catalysts; meanwhile, the pulse-chemi-
sorbed catalysts and the used 1c-Ga2O3−Pd/Al2O3 catalyst with
very high ethylene selectivity exhibit both linear-adsorbed and
bridge-adsorbed CO at the Pd{111} facets, whereas the used
3c-Ga2O3−Pd/Al2O3 catalyst with a decreased ethylene
selectivity dominantly exhibits bridge-adsorbed CO at the
Pd{111} facets. These results indicate that the decreased

Figure 8. (A) C 1s, (B) Ga 2p3/2, and (C) Pd 3d5/2 XPS spectra of (a)
clean Pd(111), (b) Ga(CH3)3 exposure on clean Pd(111) at 140 K,
(c) Ga(CH3)3 exposure on clean Pd(111) at 500 K, and (d)
Ga(CH3)3 exposure on clean Pd(111) at 500 K followed by oxidation
at 500 K for 10 min.
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ethylene selectivity should be related to the transition of the
surface Pd ensemble exhibiting both linear-adsorbed and
bridge-adsorbed CO to the surface Pd ensemble exhibiting
only bridge-adsorbed CO on the Pd{111} facets due to the
accumulation of carbonaceous deposits while the acetylene
hydrogenation reaction proceeds. Because the polymeric
carbonaceous deposits poison the Pd surface, the carbonaceous
deposit resulting frmo the transitions of the surface Pd
ensembles is likely atomic carbon. DFT calculations were
thus performed for the study of the C2H2 hydrogenation on the
Pd(111) surfaces with various coverages of atomic carbon. At
coverages of 0.25 and 0.50 ML, the atomic carbons prefer the
subsurface sites of Pd(111), which is consistent with previous
calculation results;12 however, the optimized most stable 0.75
ML C/Pd(111) surface is a restructured surface with atomic
carbon located on the subsurface and a Pd atom protruding out
of the surface (Figure 9 and Figure S2). The presence of

subsurface atomic carbon up to 0.5 ML weakens CO
adsorption, and only bridge-adsorbed CO is stable on 0.50
ML C/Pd(111) (Figure S3), which is consistent with the
experimentally observed ratio between linear-adsorbed CO and
bridge-adsorbed CO on the Pd{111} facets of the pulse-
chemisorbed catalysts being smaller than that of the
corresponding fresh catalysts. However, on the 0.75 ML C/
Pd(111) surface, only linear-adsorbed CO at the protruding Pd
atom is stable while bridge-adsorbed CO is suppressed.
The energy profiles of C2H2 hydrogenation on the Pd(111)

and C/Pd(111) surfaces were calculated (Figure 10 and Figure
S4). A small adsorption energy of C2H4 and a large activation
energy of the elementary hydrogenation reaction of adsorbed
C2H4 to adsorbed C2H5 are beneficial for the selective C2H2
hydrogenation to ethylene.8 As summarized in Table 1, the
C2H2 adsorption energy decreases with an increase in the
carbon coverage on Pd(111). The adsorption energy of C2H4
and the activation energy of hydrogenation of C2H4 to C2H5
also decrease from Pd(111) to 0.25 ML C/Pd(111) with
amplitudes similar to that of the C2H2 adsorption energy. The
C2H4 adsorption energy on 0.50 ML C/Pd(111) is slightly
larger than on 0.25 ML C/Pd(111) but still smaller than on
Pd(111), whereas the activation energy of hydrogenation of
C2H4 to C2H5 on 0.50 ML C/Pd(111) is much larger than on

0.25 ML C/Pd(111) and Pd(111) and also much larger than
the C2H4 adsorption energy on 0.50 ML C/Pd(111). These
calculation results suggest that the subsurface atomic carbon up
to 0.5 ML on Pd(111) enhances the selectivity of hydro-
genation of C2H2 to C2H4, which is consistent with previous
calculation results.12 However, the adsorption energy of C2H4
at the protruding Pd atom on 0.75 ML C/Pd(111) is
significantly enhanced compared on those on Pd(111), 0.25
ML C/Pd(111), and 0.5 ML-C/Pd(111), and it is even slightly
larger than the adsorption energy of C2H2 and the activation
energy of hydrogenation of C2H4 to C2H5 on the same surface.
These calculation results suggest that the selectivity of
hydrogenation of C2H2 to C2H4 should decrease once the
atomic carbon coverage on Pd(111) increases to 0.75 ML.
The DFT calculation results rationally explain the catalytic

selectivity of 1c-Ga2O3−Pd/Al2O3 and 3c-Ga2O3−Pd/Al2O3.
The experimentally observed decrease in the C2H4 selectivity of
3c-Ga2O3−Pd/Al2O3 after reaction for 160 h at 40 °C in Figure
5C could be attributed to the local appearance of a surface Pd
ensemble with accumulating atomic carbon up to 0.75 ML. 1c-
Ga2O3−Pd/Al2O3, with an amount of {111} facets much larger
than that of 3c-Ga2O3−Pd/Al2O3, exhibits a greater capacity to
accommodate subsurface carbon and subsequently prevent the
subsurface carbon coverage from exceeding 0.5 ML; therefore,
it exhibits long-term high selectivity.

IV. CONCLUSIONS
In summary, the {111} facets of Pd particles with subsurface
atomic carbon up to 0.5 ML are active in catalyzing the
selective hydrogenation of acetylene to ethylene. The
preferential deposition of Ga2O3 adlayers at edges and facets
other than the {111} facets of Pd particles by the ALD method
transforms the low-coordinated edge sites of the {111} facets
into the catalytically {111} terrace-like active sites and
significantly suppresses the formation of poisoning polymeric
carbon deposits on other open facets that can migrate to and
position the neighboring {111} facets. This leads to greatly the
improved catalytic activity and stability of supported Ga2O3-

Figure 9. Optimized most stable structures of Pd(111) and C/
Pd(111) surfaces with various subsurface carbon coverages. The blue,
green, and gray spheres represent the Pd(111) surface, Pd atoms
protruding out of the Pd(111) surface, and subsurface carbons,
respectively.

Figure 10. Energy profiles of C2H2 hydrogenation on Pd(111) and
various C/Pd(111) surfaces. The zero point of energy was set as the
energy of the surface, gas phase C2H2, and

3/2H2.

Table 1. Adsorption Energies (Eads in electronvolts) of C2H2
and C2H4 and Energy Barriers (Ea in electronvolts) of the
Elementary Hydrogenation Reaction between Adsorbed
C2H4 and H To Form Adsorbed C2H5 on Pd(111) and
Various C/Pd(111) Surfaces

Pd(111)
0.25 ML C/
Pd(111)

0.50 ML C/
Pd(111)

0.75 ML
Pd(111)

Eads(C2H2) −1.968 −1.691 −1.317 −1.040
Eads(C2H4) −0.994 −0.693 −0.708 −1.093
Ea(C2H5) 0.825 0.601 1.202 1.071
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coated Pd particles in the selective hydrogenation reaction of
acetylene to ethylene. Therefore, an accurate and selective
modification of surface sites on supported metal particles with
an inert oxide at an atomic level can lead to a comprehensive
improvement in the catalytic performance in terms of activity,
selectivity, and stability. This demonstrates that the novel
concept of oxide adlayer additives for supported metal catalysts
can be extended to other systems.
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