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CHEMISTRY

Patterning the consecutive Pd; to Pd,; on Pd,Ga surface
via temperature-promoted reactive metal-support
interaction

Yiming Niu'2t, Yongzhao Wang'-2f, Junnan Chen'-, Shiyan Li3, Xing Huang*>,
Marc-Georg Willinger*®, Wei Zhang”*, Yuefeng Liu3¥, Bingsen Zhang'-2-3*

Atom-by-atom control of a catalyst surface is a central yet challenging topic in heterogeneous catalysis, which
enables precisely confined adsorption and oriented approach of reactant molecules. Here, exposed surfaces
with either consecutive Pd trimers (Pd3) or isolated Pd atoms (Pd;) are architected for Pd,Ga intermetallic nano-
particles (NPs) using reactive metal-support interaction (RMSI). At elevated temperatures under hydrogen, in
situ atomic-scale transmission electron microscopy directly visualizes the refacetting of Pd,Ga NPs from ener-
getically favorable (013)/(020) facets to (011)/(002). Infrared spectroscopy and acetylene hydrogenation reaction
complementarily confirm the evolution from consecutive Pd; to Pd; sites of Pd,Ga catalysts with the concurrent
fingerprinting CO adsorption and featured reactivities. Through theoretical calculations and modeling, we
reveal that the restructured Pd,Ga surface results from the preferential arrangement of additionally reduced
Ga atoms on the surface. Our work provides previously unidentified mechanistic insight into temperature-pro-
moted RMSI and possible solutions to control and rearrange the surface atoms of supported intermetallic
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catalyst.

INTRODUCTION

Active site geometry enables a delicate manipulation of the adsorp-
tion, migration, and reaction of reactants in heterogeneous catalysis.
Thus, the exceptional catalytic performance can be obtained via
controlling of the active metals with specific geometries. The
general solutions adopt the strong binding between metal and
support, the alloy diluting of active metal in inert metal matrixes,
or the metal precursor with specific coordination configurations,
to control the surface atoms as the desired geometries, such as
atomic-ensemble [Fe,/mpg-C;N, (1), Pt;-Pt,/a-MoC (2), and Pt5/
Co@Pd (3)], single-atom [Pt;/FeO, (4), Pt;/CeO,; (5), and Pt;/a-
MoC (6)], single-atom alloy [Pd;Cu (7), Pd;Au (8), and Pd;Ni
(9)], and hetero-atomic pair [Ni/Fe-N-C (10) and Ir;Mo,/TiO,
(11)]. These ensemble or isolated metal sites are powerful to yield
some subtle catalytic behavior control in various heterogeneous re-
actions, ranging from selective hydrogenation reactions (7, 11, 12),
water-gas shift reaction (2), CO oxidation (4), three-way catalytic
reactions (13), alkene epoxidation reaction (I), to electrocatalytic
oxygen reduction reaction (3). However, it remains challenging
for controlling the specific active metal as desired geometries with
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high homogeneity without applying multiple synthetic procedures
or complex precursors.

In principle, intermetallic compounds can afford various active
metal geometries depending on some specific surface, attributed to
their highly ordered structures compared to pure metals or solid
solution alloys. A typical example is the PdGa (111) and (111)
planes, which hold individual Pd trimers and isolated Pd-atom geo-
metrics in one single crystal surface (14). Intermetallic nanocrystals
were also prepared with specific morphologies, such as cubic, octa-
hedral, or tetrahedral of Pt;Niand PtPd to expose certain surfaces in
catalysis (15, 16). However, these well-shaped nanocrystals generally
require surfactants to stabilize the desired facets during the growth.
It leads to the difficulty to remove these surfactants, which bind with
surface sites and obscure the active metal geometries, with no
changes of the surface. Among various methods of preparing inter-
metallic compounds, a reactive metal-support interaction (RMSI)
has been demonstrated as an effective approach. It is of great inter-
ests to in situ faceting the nanoparticles (NPs) with desired surfaces
and active metal geometrics via controlling the interaction between
the intermetallic nanocrystals and oxide supports. However, it is
challenging, as it highly depends on the mechanistic understanding
of formation and evolution of the supported intermetallic under
chemical environments.

Generally, the surface structure of catalysts depends on their
chemical environment and can thus differ between reactive state
and conditions applied during ex situ characterizations. This can
lead to an ambiguous recognition of the active structure and set
limits to an establishment of reliable structure-performance rela-
tionship in catalysis. It is essential to study the actual in situ struc-
tural formation and evolution of catalyst under working conditions.
Recently, in situ transmission electron microscopy (TEM) with
spectroscopy accessories has emerged as an effective solution to
identify the catalyst structure and its possible evolution under
working conditions (17-19). It enables further reducing the

10of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

materials/pressure gap, especially superior in surface and interface
structural identification of those industrial catalysts. In situ TEM
has allowed direct visualization of some typical phenomena
related to the active structure formation and evolution under rele-
vant conditions, such as formation of strong (S)MSI state in Pt-Ti0,
system (20, 21), oscillatory behavior of Pt during catalysis (22), gas
molecules adsorption on catalyst surface (23, 24), refacetting of NPs
(25-27), and interfacial intermediated formation of intermetallic
(28). The development of catalysis and materials enables being
largely promoted.

Here, we report an arrangement of surface atoms through apply-
ing temperature-promoted RMSI to the supported Pd,Ga NPs, as-
sisted by in situ TEM and spectroscopies. In situ annular dark-field
scanning (ADF-S) TEM with atomic-scale energy-dispersive x-ray
(EDX) elemental mapping directly identifies the highly ordered or-
thorhombic structure of Pd,Ga NPs subjected to the RMSI. Pd,Ga
NPs are then found with an evolution from (013)/(020) to (011)/
(002) facets at higher temperatures, reflecting the continuous ar-
rangements of Pd trimers (Pd;) to isolated Pd (Pd;) on the
surface. In situ CO adsorption diffuse reflectance infrared Fourier
transformed spectroscopy (CO-DRIFTS) results provide comple-
mentary evidence regarding the transition from bridge to on-top
adsorption sites. Moreover, the surface energies of different facets
are calculated to construct the Wulff shape of Pd,Ga NP. The pro-
portion of gallium in the atomic model of Pd,Ga NPs encapsulated
with gallium-rich facets exceeds the stoichiometric ratio. Thus, the
additional Ga atoms reduced from support at higher temperatures is
mainly responsible for restructuring of the Pd,Ga surface. In addi-
tion, acetylene hydrogenation is adopted as a model reaction during
which Pd; and Pd; sites exhibit respective high activity or high
surface atomic efficiency. The surface atom arrangements in Pd/
Ga,Oj; catalyst not only provide a mechanistic insight into the in-
teraction between the metal and support but also demonstrate an
effective and facile approach to delicately tune the surface structure
of intermetallic catalysts.

RESULTS

In situ observation of the RMSI-induced formation of Pd,Ga
Attributed to the RMSI, Pd,Ga can be generated from the reduction
of gallium oxide and supported Pd (29). Thus, oxide nanorods were
chosen for homogeneous anchoring of Pd, which also facilitates re-
cording of in situ TEM experiments. Initially, GaOOH nanorods
were prepared via a solvothermal method (see the experimental
details in Materials and Methods) (29, 30). By using TEM and x-
ray diffraction (XRD), the morphology and structure were demon-
strated (fig. S1). GaOOH transformed to a-Ga,0O3, mixed a-Ga,0;/
B-Ga,0;, and P-Ga,0; after 500°, 700°, and 900°C calcination, re-
spectively (fig. S2). The pure a-Ga,O; was selected as the support to
obtain the desired Pd,Ga phase (29, 31). After impregnation and
calcination at 500°C, the Ga,O3 maintains the rod-like morphology
with nanopores and PdO NPs are uniformly distributed on the
support (fig. S3). Then, the PdO/Ga,0; was subjected to elevated
temperatures from 100° to 600°C under H,/He atmosphere. As a
result, PAO was reduced to Pd, Pd,Ga, and Pd,Ga/PdsGa; at 100°
to 200°, 300° to 500°, and 600°C, respectively. The cubic Pd and or-
thorhombic Pd,Ga (Fig. 1A) are identified from their featured (200)
and (020), (203) diffraction peaks located at 46.7° and 44.2°, 47.4° in
XRD patterns (Fig. 1B), respectively. Ex situ high-resolution
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transmission electron microscope (HRTEM) with simulated select-
ed area electron diffraction (SAED) image also confirms the forma-
tion of Pd,Ga phase with an overlayer of GaO,, due to the surface
oxidation upon exposure to air (fig. S4) (32, 33). At higher reduc-
tion temperatures, more gallium atoms are reduced from the Ga,0;
support and diffuse into the NPs, which results in the formation of
PdsGa; (fig. S5). Meanwhile, the monoclinic a-Ga,O; remains until
500°C (Fig. 1B) and partially transformed to hexagonal p-Ga,0;
after 600°C reduction (fig. S5A), which is well consistent with the
TEM analysis (fig. S6). HRTEM combining SAED simulation
results confirm the coexistence of Pd,Ga and Pd;Ga; NPs after
600°C reduction (figs. S7 and S8), which are also encapsulated
with oxide layers after contacting with air during ex situ experi-
ments. Therefore, in situ TEM experiments enable accurately eluci-
dating the structural evolution of Pd/Ga,O; during RMSI. As
shown in figs. S9 and S10, Pd,Ga forms in the left of the Pd NPs
and grows gradually proceeding into the interior. That is, the
Pd,Ga structure grows along the direction of Pd <200>, ultimately
transforming completely into the Pd,Ga structure at elevated tem-
peratures. Such phase transformation is supposed to be concurrent-
ly induced by both the reduction of Ga,Oj; at the interface and
thereof the subsequent diffusion of Ga atoms. It is quite similar
to the formation of PdZn in the Pd-ZnO catalyst (28). The mor-
phology and crystal structure of Ga,O; support are well maintained
(figs. S11 and S12). The in situ reduced Pd NPs exhibit an average
particle size of 4.9 + 1.4 nm, which are homogeneously and prefer-
entially distributed on the pores of Ga,0; (Fig. 1C and figs. S13 to
S§15). Through the further reduction of Ga,0; and formation of
Pd,Ga intermetallic at 500°C, it increased slightly (5.8 + 1.5
nm; Fig. 1D).

Atomic-scale structural characterization of Pd,Ga

As mentioned above, the Pd-Ga,O5;-based structures were identi-
fied after reduction at the temperature range of 100° to 600°C.
The microstructural evolution during the phase transition process
in RMSI was monitored by in situ TEM. Initially, PdO was reduced
to Pd under 300 Pa H, at 200°C and exhibited as cuboctahedrons,
which were exposed with (111), (200), and (110) facets (Fig. 2A and
fig. $16). Partial Pd NPs maintained their face-centered cubic struc-
ture even with a further increased temperature to 300°C (fig. S17)
during in situ experiments, which was ascribed to the low pressure
inenvironmental TEM (ETEM). Therefore, ex situ experiment was
conducted at 300°C under 100 Pa H, to confirm the delayed forma-
tion of Pd,Ga (fig. S18). As it increased to 400°C in ETEM, the
transformation of Pd to Pd,Ga was observed with a slightly in-
creased particle size. The formed Pd,Ga NP was mainly enclosed
with (013), (202), (211), and (215) facets (Fig. 2D). The correspond-
ing fast Fourier transforms (FFTs) demonstrate the single crystalline
nature of Pd and Pd,Ga NPs viewed from [011] and [131] direc-
tions, respectively. The atomic models in Fig. 2 (C and F) display
the morphological evolution of the identical NP. Subsequently, in
situ ADF-STEM was conducted to identify the highly ordered or-
thorhombic Pd,Ga structure due to its sensitivity to Z contrast
(Z = 46 and 31 for Pd and Ga, respectively) (32). As the pressure
of H, lowered to 10 Pa during in situ STEM studies, the formation
of Pd,Ga structure was further delayed to 500°C. The formed Pd,Ga
NPs were carefully analyzed through the measured d-spacings and
angles between lattice planes in ADF-STEM images (fig. S19). Thus,
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Fig. 1. RMSI promoted Pd,Ga intermetallic. (A) Unit cells of Pd and Pd,Ga. a.u.,
arbitrary units. (B) Powder XRD patterns of 5.0 weight % (wt %) Pd/Ga,03 samples
after reduction at different temperatures (100° to 500°C from bottom to top) under
H, atmosphere, respectively. The black lines are indexed as a-Ga,03 (JCPDS, 43-
1013). The inset is the enlarged area from 43° to 49°. (C and D) In situ ADF-
STEM images of Pd/Ga,05 after reduction at 200° and 500°C, respectively. The
top-right insets are the corresponding particle size distribution histograms of Pd
and Pd,Ga NPs, and the orange line is the Gaussian fitting curve.

the Pd,Ga NPs captured from [131], [143], [101], and [331] zone
axes were identified, respectively. These ADF-STEM images were
enlarged and displayed (Fig. 2, G, I, and K, and fig. S20) to
further identify the highly ordered Pd,Ga structure. As shown in
Fig. 2G, the bright dots represent the atomic columns viewed
from [131] zone axis and directly interpreted by the STEM simula-
tion and corresponding atomic model (Fig. 2H), which displays an
inhomogeneous contrast distribution that is consistent with the lo-
cation of Pd and Ga, where the bright and dark parts are mainly
composed of Pd and Pd/Ga atoms, respectively. The adjacent
atomic columns show a 180°C rotational symmetry relationship
as marked in Fig. 2 (G and H), thus demonstrating zigzag intensity
curves of (013) planes. Viewed from [143] zone axis, the alternating
light and dark dotted lines were identified as (111) planes, which are
composed of either Pd or Pd/Ga atoms (Fig. 2I). Two levels of
brightness were observed for atomic columns containing either
Pd or Pd/Ga columns, consistent with the STEM simulation and
atomic model (Fig. 2J). As shown in Fig. 2K, the featured angle
between (202) and (020) planes is composed of alternative arrange-
ment of light and dark spots observed from [101] zone axis, which
also matched well with the atomic model (Fig. 2L) and simulated
STEM image (Fig. 2M). The simulated SAED images [bottom-
right insets in Fig. 2 (H, J, and L) ] are well consistent with the cor-
responding FFTs in [131], [143], and [101] directions, respectively.
Moreover, EDX elemental mapping (Fig. 2N) was conducted after
the removal of the H, atmosphere, demonstrating the elementary
composition and distribution of atom-by-atom Pd and Ga. These
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results unambiguously prove that the highly ordered orthorhombic
Pd,Ga was formed under in situ conditions, consistent with our
previous ex situ studies (29).

Refacetting of Pd,Ga promoted by RMSI

XRD and in situ TEM have evidenced the formation of highly
ordered Pd,Ga structure after reduction. Thus, the microstructural
evolution of Pd,Ga was monitored through ETEM at elevated tem-
peratures. Here, electron dose rate less than 300 e-A% s™! was
adopted during the HRTEM observation to avoid the possible
damage from the high-energy electron beam according to our pre-
vious studies (34). One identical NP located on the edge of supports
was selected to elucidate the ongoing surface variation (fig. S21). As
shown in Fig. 3 (A to C), the NP morphology changed from 400° to
500°C. The Pd,Ga NPs were generated after 400°C reduction at 300
Pa under H, atmosphere. The selected Pd,Ga intermetallic NP was
also identified by measuring the lattice d-spacing and their acute
angles, demonstrating that the NP was mainly exposed with (013)
and (020) in Fig. 3A. The corresponding FFT exhibits the single-
crystalline nature of the Pd,Ga NP viewed from [100] and well con-
sistent with the simulated SAED. As it increased to 500°C, the
Pd,Ga NPs started refacetting (Fig. 3B), during which the top
area turned to flat and the (013)/(020) facets are partially reduced.
The newly appeared facets were identified as Pd,Ga (011) according
to the measured d-spacing and the angles with (013) and (020)
planes. More (013) and (020) facets were continuously transferred
to (011) at 500°C, as shown in Fig. 3C. The enlarged HRTEM
images acquired from the line box in Fig. 3 (A to C) overlapped
with atomic models clearly displaying the facet evolution of
Pd,Ga (Fig. 3, D to F). Simulated HRTEM results also confirm
that the (013)/(020) transform to (011) facets at the top area of
the observed Pd,Ga NP for higher temperatures (Fig. 3, G to I). Sim-
ilarly, in the bottom-right area of the NP, the (013) facets gradually
change to (002) facets during this process. Therefore, the aforemen-
tioned results demonstrate that the (013) and (020) facets of Pd,Ga
NP transform to (011) and (002) facets from 400° to 500°C during
in situ TEM experiments.

Surface atomic arrangement and evolution of Pd,Ga during
refacetting

Subsequently, the surface atom arrangement and evolution during
this process were analyzed according the crystalline structure of
Pd,Ga. The (013), (020), (011), and (002) surfaces were cleaved
from Pd,Ga (orthorhombic, a = 5.493 A, b = 4.064 A, and
¢ =7.814 A), and the surface atomic arrangements of Pd were clar-
ified. The side view of these surfaces (fig. S22) demonstrates that
(013)/(020) and (011)/(002) are close-packed and non-—close-
packed surfaces, respectively. The arrangement of Pd atoms on
(013) and (020) is quite similar, in which three Pd atoms form a
triangle and then connect at the apex to form a zigzag shape
(Fig. 3, ] and K). However, the distances between the Pd atoms
are slightly different. The distances between the adjacent Pd
atoms on (013) plane are 2.81, 2.82, and 2.90 A, which slightly in-
crease to 2.81, 2.85, and 2.99 A on (020) plane. Pd atoms in the
linear arrangement exhibits the shortest distance of 2.81 A, while
the distance between Pd atoms is slightly larger on both the sides
of the zigzag shape. The arrangement of Pd atoms differs complete-
ly from those when Pd,Ga refacetted to (011) and (002). The Pd
atoms are separated by the surrounding Ga atoms, and the

3 0of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

@D @0 G0 ©° TN @O T@D @ AD @0 G
o® QD e® T ¢
@D @0 D @O T@O @O TD @ GO ©°

@D @0 OO do D @0 Cpuiae
o@mm@xa')cgmm
@D @ GO ¢

QD @o G @8 D @°

[6® G e® G e® QD ® (D e® G 0B
e® A e® DHEB)AD e® D e® A 6®
1% oo e

lo® am ek 20200 a» e® aw e® oD e®

ERRRRRERRERRL.
T I IR IR YT
BN |

Fig. 2. Atomic-scale structural identification of Pd,Ga. In situ HRTEM images of identical Pd-based NP at 200°C (A) and 400°C (D). (B) and (C) and (E) and (F) are the
corresponding FFTs and atomic models of (A) and (D). In situ ADF-STEM images of Pd,Ga observed from [131] (G), [143] (I), and [101] (K) directions with corresponding
atomic models (H, J, and L). Yellow and green balls in (H), (J), and (L) represent Pd and Ga atoms, respectively. The top-right insets in (G) and (1) are the corresponding
simulated ADF-STEM images. The bottom-right insets in (G), (), and (K) and (H), (J), and (L) are the corresponding FFT and simulated SAED images, respectively. (M)
Simulated ADF-STEM image along the [101] of Pd,Ga. (N) ADF-STEM with corresponding atomic-resolution EDX elemental-mapping images of Ga (red) and Pd (green).

nearest Pd atom distances are 4.06, 4.49, and 5.48 A, respectively
(Fig. 3, L and M). As a result, the surface atomic configuration is
Pd,. Therefore, the results exhibit that the initially generated
Pd,Ga NPs are mainly composed of continuous Pd; atom arrange-
ment on the surface. It transforms to Pd, sites at elevated tempera-
tures. More evidences observed from [362] and [001] axes also
demonstrated this refacetting phenomenon of Pd,Ga structure
under elevated temperatures (figs. S23 and S24).

In situ TEM could directly image the surface dynamics at the
atomic scale. However, it is still not fully convinced using two-di-
mensional projection of limited amounts NPs to interpret the var-
iation Pd,Ga surface arrangements. Thus, in situ CO adsorption
DRIFTS experiments were used to complementarily and generally
clarify the surface atom arrangement and variation. There are three
kinds of CO adsorption sites on the pure Pd, classified as hollow
(1800 to 1900 cm™'), bridge (1900 to 2000 cm™*'), and on-top
(2000 to 2100 cm™') sites according to previous studies (35, 36).
As shown in Fig. 3N, the Pd/Ga,Oj; catalysts exhibit the dominated
bridge and hollow adsorbed CO adsorption on Pd, as well as only
little linearly adsorbed CO. In addition, the overall peak shifts
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toward higher wave numbers as CO coverage increases because of
the weakening of Pd-CO interaction by the lateral CO-CO interac-
tions at high coverages (35). The surface atom arrangement of Pd is
markedly changed as of the Pd,Ga formation, and only the on-top
and bridge sites were observed in CO-DRIFTS results (Fig. 30), in
good agreement with the previous study (37). The absence of hollow
adsorption of CO was ascribed to the increased distance between Pd
atoms on Pd,Ga. Distances of 2.8 to 3.0 A on Pd,Ga (013) and (020)
facets are identified, which are slightly larger than Pd (111) (2.75 A).
It was speculated that CO is preferentially bridged adsorbed on the
adjacent Pd atoms with 2.81 A distances. Generally speaking, the
linearly adsorbed CO generally locates on the Pd atoms, 2.9 to 3.0
A away from other Pd atoms. The theoretical surface atom arrange-
ment of Pd on Pd,Ga (013)/(020) facets is consistent with the ex-
perimental CO-DRIFTS results. It exhibits a comparable amount of
linearly and bridge-adsorbed CO on Pd,Ga generated after reduc-
tion at 300°C. As it increases to 500°C, only linearly adsorbed CO
was observed on Pd,Ga. It implies that the fully isolated Pd; atoms
exist on the Pd,Ga surface (Fig. 3P). The CO-DRIFTS at different
partial pressures of CO and after removing the gaseous CO
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Fig. 3. Surface atom arrangement and variation during Pd,Ga refacetting. In situ HRTEM images of identical Pd,Ga NP at 400°C (A) and 500°C (B and C), respectively.
The top-right and bottom insets are the corresponding FFTs and simulated SAED. (D to F) Enlarged TEM images overlapped with atomic models taken from the line boxes
in (A) to (C). Simulated TEM images (G) to (1) correspond to (D) to (F). (J to M) Top view of the atomic models of (013), (020), (011), and (022) facets, respectively. (N to P) In
situ CO-DRIFTS spectra with increased CO dose of Pd/Ga,05 samples after reduction at 100°, 300°, and 500°C. The top-right insets are the atomic models of CO adsorbed
on surfaces with various Pd arrangements. Orange and gray, Pd and Ga atoms of the first layer; yellow and green, Pd and Ga atoms below the first layer.

displayed similar surface atom arrangement of Pd after different
temperature reduction (figs. S25 and $26). In addition, because
Pd,Ga is very prone to the oxidation (33, 38), it is crucial for clar-
ifying its evolution in the ambient condition and its recoverability.
The CO-DRIFTS (fig. S27) indicate that when 20% oxygen is intro-
duced at room temperature, the on-top adsorption of CO disap-
pears and only a small hollow adsorption remains. It suggests the
destruction and oxidation of the isolated Pd; structure on the
Pd,Ga surface. After further reduction at 100°C, all the on-top,
bridge, and hollow adsorption peaks of CO appeared again,
similar to the case of Pd structure. The intensity was greatly
reduced, and the ratio of on-top sites increased, indicating that
the Pd,Ga surface transforms to Pd and GaO, clusters (32, 38,
39). A further reduction at 500°C leads to the full recovering of
the on-top adsorption peak of CO, indicating that the Pd,Ga
surface was reconverted to the isolated Pd; pattern.
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Complementarily, the in situ TEM and CO-DRIFTS results evi-
denced that the surface atom arrangement of Pd in Pd,Ga trans-
forms from continuous Pd; to isolated Pd, at elevated temperatures.

Underlying mechanism of Pd,Ga refacetting

The aforementioned results demonstrate the occurrence of refacet-
ting and surface atom rearrangement of Pd,Ga at elevated temper-
atures under H, atmosphere. Following, theoretical calculations and
models based on Pd,Ga were performed to investigate the underly-
ing mechanism for this phenomenon. First, surface energies of gen-
erally observed Pd,Ga planes were calculated according to the
previously reported method (40). As shown in Fig. 4A, the close-
packed planes (210), (013), (211), (020), and (112) exhibit the
lowest surface energies from 1.17 to 1.32 ] m™2, while non—close-
packed planes (223), (230), (002), and (011) exhibit the highest
surface energies from 1.50 to 1.56 ] m~2. Subsequently, the Wulff
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in Pd,Ga atomic models with constant Pd atoms.

shape (Fig. 4B) was constructed using VESTA according to the ob-
tained surface energies. The corresponding area fractions of Pd,Ga
particle was acquired, in which nearly 97% area was enclosed by
(210), (013), (211), (020), and (112) facets. An extreme case of
Pd,Ga NPs consisting of (210), (013), (020), (202), (400), (002),
and (011) facets were fully constructed. The Pd,Ga model NP en-
closed with low surface energies exhibits similar morphology com-
pared with Wulff shape. However, the model consistent with high
surface energies is totally different. The amounts of Pd and Ga
atoms in Pd,Ga NPs (0.5 to 10.0 nm) with the exposed (210),
(013), (020), (002), and (011) facets were fully studied from the
created atomic models. As shown in Fig. 4C, the ratio between Pd
and Ga remains 2.0 for the increase of particle size in Pd-rich facets
enclosed NPs, in agreement with the stoichiometric Pd,Ga phase.
However, the Pd/Ga ratio is always lower (<1.9) than the stoichio-
metric Pd,Ga when the NPs are enclosed with (011)/(002) planes.
In addition, the value decreased markedly (1.1 to 1.7) as of the par-
ticle size <3 nm, attributed to the increased ratio of surface atoms in
small NPs. In addition, the constant number of Pd atoms (3365, ~5
nm) in model NPs with decreased area faction of Pd-rich facets were
controlled to elucidate the variation of Ga atoms. As shown in
Fig. 4D, the amount of Ga atoms increases from 1690 to 1897 as
the fraction of (011) and (002) facets increases in the NP model.
The ratios of Pd to Ga correspondingly decrease from 1.99 to 1.78
as the Ga atoms increased. Therefore, it is reasonably concluded that
the initially formed Pd,Ga NPs, composed of (210), (013), (020),
and (202) facets, exhibit the stoichiometric Pd to Ga ratio.
However, more Ga atoms are reduced from the Ga,03 and incorpo-
rate into the Pd,Ga NPs as the reduction temperature rises. There-
fore, it leads to the refacetting of Pd,Ga and the surface atom
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arrangement that is patterned from the continuous Pd; to isolated
Pd, atoms.

Catalytic performance in acetylene hydrogenation reaction

Acetylene selective hydrogenation reaction is aiming at removing
the trace amount of acetylene in ethylene industrially (41). Thus,
high acetylene conversion in both the absence and presence of eth-
ylene was adopted to well interpret the difference between three
kinds of surface Pd atom arrangement. In this reaction, two main
side products, over hydrogenation product ethane (C,Hg) and po-
lymerization products (in this term, only C, was detectable),
impede the ethylene selectivity improvement. The continuous Pd,
Pd;, and isolated Pd; sites of Pd/Ga,Oj3 catalysts were controlled
through reduction at 100°, 300°, and 500°C according to the above-
mentioned results. As shown in Fig. 5A, in the absence of ethylene, a
continuous surface Pd atom arrangement exhibits low selectivity
toward overhydrogenation product ethane (11.5%) at 98.2% conver-
sion, which is not so high compared to the continuously Pd; (2.9%)
and isolated Pd; (<1%) sites of Pd,Ga. Whereas in the presence of
excess ethylene (20%), the ethane selectivity increased from 2.9 to
27.4% and 11.5 to 63.8% for the continuous Pd; and Pd sites, re-
spectively. The isolated Pd; sites of Pd,Ga remain with low
ethane selectivity (6.5%) at 94.3% acetylene conversion. The selec-
tivity difference in both the absence and presence of ethylene is as-
cribed to the competitive adsorption and reaction of ethylene,
which was confined as m configuration on isolated Pd; sites and
di-o configuration on the continuous Pd and Pdj sites. The low
C,H, selectivity in continuous Pd and Pd; are dominating
because of excessive uptake of hydrogen by C, intermediates. In ad-
dition, Arrhenius plot for acetylene hydrogenation reaction over
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Fig. 5. Hydrogenation properties of different surface Pd geometries. (A) Con-
version and selectivity in acetylene hydrogenation reaction of Pd-Ga,0s—based
catalysts in the absence and presence of ethylene. (B) Arrhenius plot for acetylene
hydrogenation reaction over various Pd geometries.

various Pd sites was performed to estimate the activation energies
(Fig. 5B). The Pd/Ga,0Oj; catalyst with continuous Pd sites on the
surface exhibits the lowest apparent activation energy (Ea) of 51.7
kJ mol™!, well comparable with the previous studies (41). The
value of Ea increased to 58.4 and 66.1 k] mol~! with further isola-
tion of Pd atoms on the surface to Pd; and Pd; sites of supported
Pd,Ga NP. It implies a decreased activity and is largely ascribed to
the decreased ability to dissociate and activate hydrogen. Although
Pd in Pd,Ga does not change much, its capability is still greatly
reduced to activate hydrogen. This is due to the decrease in the
amount of atoms in Pd ensembles on the surface (7, 42). The intrin-
sic activity markedly decreased as Pd atoms are isolated on the
surface, displaying 1334.45, 346.96, and 7.39 min~" at 80°C for
Pd, Pd; and Pd, sites, respectively. However, the selectivity of eth-
ylene and hydrogenation efficiency were extremely increased, espe-
cially in the presence of excess ethylene (Fig. 5A, vide infra). The
hydrogenation efficiencies of different surface Pd atom arrange-
ments were evaluated under high conversion of acetylene (by con-
trolling the gas hourly space velocity) in both the absence and
presence of ethylene (fig. $28). For Pd, sites of Pd,Ga/Ga,0; cata-
lysts, the mass-specific activity was nearly constant in the introduc-
tion of excess ethylene (100 to 99%), which means that all the
surface Pd, sites were used for the acetylene hydrogenation reaction.
While for the continuous Pd; and Pd sites, the efficiencies of mass-
specific activity in acetylene hydrogenation decreased from 100 to
~82% and ~64%, respectively. The decreased activities on the
surface of Pd and Pd,Ga with the continuous Pd; sites implies
that some active sites are not used for the adsorption and reaction
of acetylene. It is ascribed to the increased coverage of intermediate
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product ethylidyne as the excess of ethylene is introduced (43, 44).
As a result, the amount of converted acetylene is significantly
reduced, hindering the effective utilization of active sites. In addi-
tion, the increased selectivity of ethane (~20 to 30% of Pd; and ~40
to 60% of Pd) further decreases the efficiency of the desired hydro-
genation pathway to ethylene. The activity and selectivity of Pd,Ga
catalysts with continuous Pd; and isolated Pd; sites remain after a
24-hour test (figs. S29 and S$30), revealing that Pd,Ga structure is
relatively stable during the acetylene hydrogenation reaction and
well consistent with previous studies (45, 46). For the thermogravi-
metric results of Pd,Ga catalysts with isolated Pd; site, no weight
loss or coke deposition was determined by thermogravimetric ex-
periment in either direct reduced or used Pd,Ga catalyst with iso-
lated Pd; site (fig. S31). Weight increases of ~0.7% for both the
samples after 700°C treatment could be ascribed to the oxidation
of Pd,Ga. Last, the stability of supported Pd,Ga NPs was verified
by ETEM and in situ DRIFTS experiments. As shown in fig. S32,
the Pd,Ga NPs exhibit the Wulff shape after 350°C reduction,
which was encapsulated of (210), (013), (012), and (202) facets
with the continuous Pd sites, and the morphology was maintained
during and after reaction. The identical Pd,Ga NP also kept its
shape after reduction at 500°C and reaction, which mainly enclosed
with (323), (313), and (016) facets and exposed with isolated Pd,;
sites (fig. S33). Following, the in situ CO-DRIFTS experiments
(fig. S34) were conducted to monitor the surface structural varia-
tion before and after reaction. The results exhibit that the consecu-
tive Pd; and Pd,; surface atom arrangements remained stable during
acetylene hydrogenation reaction. The bridge and on-top adsorp-
tion of CO remained constant before and after the reaction on
two kinds of Pd,Ga catalysts, which were respectively obtained by
reduction at 300° and 500°C. Thus, both in situ structural charac-
terizations and long-time reaction tests indicate that the formed
surface structures of supported Pd,Ga NPs are stable during the
acetylene hydrogenation reaction.

DISCUSSION

In conclusion, we demonstrate that the surface atom arrangement of
Pd,Ga can be controlled via the temperature-promoted RMSI. Both
XRD and TEM investigations prove the structural evolution from
Pd to Pd,Ga after the reduction and inclusion of Ga atoms. In
situ atomic-scale ADF-STEM, STEM simulation, and EDX elemen-
tal mapping explicitly confirm the formation of highly ordered or-
thorhombic Pd,Ga phase. ETEM directly visualizes surface
restructuring of the identical NP from (013) and (020) to (011)
and (002) at elevated temperatures. It was found that the surface
atom arrangements of Pd transforms from the continuous Pd; to
isolated Pd; geometries. Sample-averaged information from CO-
DRIFTS evidences the existence of both on-top and bridge adsorp-
tion of CO on Pd,Ga after 300°C reduction, whereas only on-top
adsorption of CO remained after 500°C reduction. Complementa-
rily, it proves the surface atom arranging variation from Pd; to Pd,;
atoms of Pd,Ga. Moreover, the surface energy calculation and mod-
eling simulation show that the initially formed Pd,Ga NPs are en-
capsulated with a low-energy Pd-rich surface. The atomic ratio of
the Pd,Ga NPs is basically stoichiometric. When the temperature
increases, more Ga atoms are reduced and arranged on the
surface. As a result, it leads to surface restructuring and the increase
of Ga content in the NPs, which is slightly beyond the
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stoichiometric ratio of Pd,Ga. A similar phenomenon, to the best of
our knowledge, would occur in other RMSI systems throughout a
temperature range. Stronger reduction conditions would cause
more support to be reduced after the initial formation of the inter-
metallic NPs. However, because it is inadequate for the temperature
and amount of the additional reduced atoms to form a new phase,
these atoms tend to arrange on the surface to maintain the interme-
tallic structure. Thus, it will lead to the surface restructuring of the
intermetallic NP. In acetylene hydrogenation reaction, Pd,Ga with
surface Pdj; sites shows improved mass-specific activity compared to
Pd; sites, which may result from the strong capability to activate and
dissociate molecule hydrogen of Pd ensemble sites. Pd,Ga with
surface Pd, sites displays the improved selectivity and atomic effi-
ciency, ascribed to a weakened adsorption of ethylene with confined
n configuration. Hence, our work provides ultimate understanding
of temperature-promoted RMSI and a proof of concept to facile and
delicate control of the surface atom arrangement of supported in-
termetallic NPs. Such merits are promising to be applied in design
of other heterogeneous catalysts.

MATERIALS AND METHODS

Materials preparation

The GaOOH nanorods were synthesized using a typical solvother-
mal method, 1050 mg of sodium dodecylbenzenesulfonate and
3850 mg of gallium nitrate hydrate were dissolved in 60 ml of de-
ionized water under vigorous stirring. The mixture was stirred in air
for 3 min to form a white slurry. Then, the 1.5 M sodium hydroxide
(Sinopharm Chemical Reagent, CO) was dropwise added to the sol-
ution until the pH was 7 to 8. Then, the mixture was stirred for
about 5 min to obtain a white flocculated colloid. Then, the suspen-
sion was transferred into a 100-ml autoclave, sealed, and maintained
at 140°C for 8 hours. The acquired mixtures were filtered and
washed three times with deionized water after being lowered to
room temperature. The obtained white powder was dried in the
oven at 80°C for 12 hours and then calcined at 300, 500, 700, and
900°C for 2 hours.

The supported catalyst was prepared through a typical wetness
impregnation method, during which the palladium acetylacetonate
(Sigma-Aldrich) and a-Ga,0; nanorods were used. The loading
content of Pd was controlled at 5.0 weight %. After calcination at
500°C in air for 2 hours, the samples were reduced at 100° to
600°C with a 100°C interval in 50% H,/Ar for 2 hours to obtain
the metallic Pd-based catalysts.

TEM investigations

For ex situ TEM characterization, a typical sample preparation
process was performed by depositing dispersed samples onto
holey copper/carbon grids. A FEI Tecnai G* F20 microscope
working at 200 kV was used for preliminarily microstructur-
al studies.

In situ TEM investigations were conducted on the Titan Themis
G3 ETEM with a Cs corrector working at 300 kV. The TEM images
were recorded by a Gatan OneView camera with a dose rate less than
~300 e-A% 57! during the experiments. During the in situ TEM ex-
periments, the pressure of H, in the vicinity of the sample was con-
trolled at about 300 Pa through the differential apertures and
pumps. The PdO/Ga,0; sample was used and loaded onto a
heating holder (FEI Nano-Ex) and in situ reduced at 200°C to
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acquire the metallic Pd. It was elevated to 300°C at a rate of 10°C/
min to monitor the transformation process. Following, the temper-
ature was sequentially elevated and kept at 300°, 400°, and 500°C for
in situ structural characterizations. In situ TEM experiments were
also conducted to determine the structural change of Pd,Ga
samples, which were respectively reduced at 350° and 500°C
under 200 Pa H,, during and after catalysis. The reaction atmo-
sphere in ETEM was controlled as 7 Pa of acetylene and 70 Pa of
hydrogen, and the reaction temperature is 200°C.

In situ STEM studies were also performed on a Cs-corrected
Hitachi HF5000 microscope equipped with EDX, secondary elec-
tron , and ADF detectors at 200 kV. The gas atmosphere was
flowed into the column of TEM near the sample through a
nozzle, and the pressure was controlled to less than ~10 Pa during
the experiment. The heating experiments were achieved by a micro-
electromechanical system-based holder developed by Hitachi. Tem-
peratures of 300° and 500°C were respectively kept for both STEM
and EDX imaging. The atomic models of Pd,Ga NPs were estab-
lished by ATOMS software, and the HRTEM and SAED simulations
were carried out on JEMS software (copyright P. Stadelmann 2014-
2020, JEMS-SWISS). The STEM simulations were performed using
Dr. Probe software (47).

CO-DRIFTS investigations

The CO-DRIFTS experiments were conducted on Thermo Fisher
Scientific NICOLET iZ10 with an in situ DRIFT reaction cell
(Harrick Scientific Products), and the spectrum was recorded at a
resolution of 4 cm™!. The PdO/Ga,05 samples were diluted with
KBr (PdO/Ga,03:KBr = 1:9 or 1:0) and ground before loading
into the cell, then in situ reduced at 100°, 300°, and 500°C in
50 volume percent (volume %) H,/He (20 ml/min) or 50 volume
% H,/Ar for 2 hours. After cooling down 20°C, helium (20 ml/
min) was introduced to remove the residue H, and obtain the back-
ground spectrum. Then, CO/He was gradually (1 ml of 5.0 volume
% CO/He for 10 s) introduced to the in situ cell to obtain the CO
adsorbed spectrum for Pd-based catalysts. The CO partial pressure
were also controlled from 1.2 to 50 mbar during the experiments.
After obtaining the supported Pd,Ga NPs with varied surface struc-
tures at 300° and 500°C, the reaction gases (10 ml/min, 0.1 mbar
C,H,, 1 mbar H, and He as balance) were introduced to the reac-
tion cell for 60 min. The CO and C,H, adsorbed spectra were col-
lected before (20°C), during (150°C), and after (20°C) the reaction.

Catalytic tests

The acetylene selective hydrogenation in the absence and presence
of excess ethylene (1.0 volume % C,H,, 10 volume % H,, helium as
balance and 0.5 volume % C,H,, 5.0 to 10.0 volume % H,,
20.0 volume % C,H,, helium as balance) was performed in a
fixed-bed quartz microreactor under atmospheric pressure. The
PdO/Ga,0; (0.1, 0.3, and 3.0 mg) was in situ reduced at 100°,
300°, and 500°C with a ramp rate of 10°C/min under 50 volume
% H,/He atmosphere before the reaction tests. The reaction temper-
atures were controlled at 80°, 80°, and 135°C for Pd, Pds, and Pd,
catalysts, respectively. The flow rate was set from 10 to 70 ml/min,
and the acetylene conversion was controlled below 10% during the
kinetic experiments. The stability tests were conducted at both 140°
and 200°C for Pd,Ga exposed with the continuous Pd; and isolated
Pd, sites. The amount of acetylene, ethylene, ethane, 1-butene, iso-
butene, cis-2-butene, trans-2-butene, and butadiene was detected by
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an Agilent Technologies 7890A gas chromatograph equipped with a
flame ionization detector. The conversion and selectivity of the re-
action were calculated according to Egs. 1 to 4

CCZHzﬁin - CCZ H,,out

Conve,y, = x 100% (1)

CC2 H,,in

Ce,tig out + 2Cc,H, 00
SeleCZHA‘:(lf CoHgou & C“H”"”)xloo% (2)

Ce,t,,in — Cc,H, 0ut

CCZHG.out - CCZHG‘in

SeleC2H6 = x 100% (3)

CCZ H,,in — CCZ H,,out

CC4 H,,out

SeleQ,Hx = x 100% (4)

CCZHz,in - CCsz,out
where C;,, represents the acetylene concentration in the feed gas and
Cou denotes the different products in the outlet gas. The C,H, rep-
resents the overall polymerization product that contained the 1-
butene, isobutene, cis-2-butene, trans-2-butene, and butadiene.

The atomic models of Pd and Pd,Ga NP (5 to 6 nm), which
contain ~9100 to 12,000 Pd atoms, were established to determine
the amounts of surface Pd atoms. The dispersions (D) of Pd and
Pd,Ga NPs exposed with the continuous Pd; and isolated Pd,
sites were calculated as 0.1933, 0.2274, and 0.1074, respectively.
The turnover frequencies (TOFs) were calculated by the following
equation

Mole of C,H, converted per minute
D X npq

where D is the dispersion of Pd-based NPs and rp, is the mole of Pd.

TOFs = x 100%

Computational details

The spin-polarized density functional theories were performed
using the Vienna Ab Initio Simulation Package (48). The Perdew-
Burke-Ernzerhof generalized gradient approximation functional
was used to describe the exchange-correlation energy (49). The
energy cutoff was set to 400 eV. The Monkhorst-Pack k-points
grid was set to be k; x k,x1 (a ¢ k; > 30, b« k, > 30) for the slab
model calculations. The vacuum region was set to be 15 A in the z
direction to minimize the interactions between the periodic slabs.
The energy convergence and atomic forces were set to 1076 eV
and 0.02 eV/A, respectively. The surface energy v is the energy re-
quired to cleave a surface from the bulk phase, which describes the
stability of the surface. The vy; is calculated by the equation below
(50)

1
24
where A is the area of the surface. E“"" and E'* are the energies of
the unrelaxed and relaxed surfaces, respectively. N and N, are the

atom number for the slab model and original cell, respectively. E,,
is the energy for the original cell.

1

unrel 1 unrel
(B N Ey/Ny) — & (EX — B

N

Ys

Thermogravimetric analysis
The thermogravimetric analysis experiments were performed using
a Netzsch STA 449 F3 instrument. The reduced and spent Pd,Ga/
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Ga,O; catalysts (~5 mg) were treated under 50% O,/Ar flow (40 ml/
min) from 40° to 700°C with a ramp rate of 5°C/min.

XRD investigations

The XRD measurements were performed on a Rigaku D/Max 2400
diffractometer (Cu Ka radiation, A = 0.15418 nm) operated at 40 kV
and 40 mA.

Supplementary Materials
This PDF file includes:
Figs. S1 to S34

View/request a protocol for this paper from Bio-protocol.
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