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Single-atom Pd sites on the surface of Pd-In nanoparticles
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The CO-DRIFTS investigation of a Pd-In catalyst obtained
via the PdIn(AcO)s complex showed the presence of single
palladium atoms isolated by indium on the surface. A short-
time exposure to air under ambient conditions induced the
decomposition of the single-atom structure, which can be
recovered by mild reduction.
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The acceleration of modern industrial production leads to the
development of catalytic systems for complex transformations
of organic molecules with ultrahigh selectivity.! Due to its high
activity, palladium is widely applied as an active component of
commercial supported catalysts in numerous chemical processes,
including selective alkyne hydrogenation. The insufficient selec-
tivity of palladium can be improved by the introduction of a
second metal (Cu, Fe, Ag, Zn, Ga, In, etc.) resulting in the
formation of a bimetallic phase.>* Recently, special attention has
been paid to the design of bimetallic systems with well-ordered
structures, where the surface palladium atoms are isolated by
other metal atoms (single-atom structures).>”” The main advantage
of the catalysts with the single-atom structure in selective alkyne
hydrogenation is their high selectivity for alkene production.®
However, many alloys tend to undergo segregation and/or phase
separation under reaction conditions, which deteriorates their
catalytic characteristics.® This obstacle can be overcame by
obtaining the single-atom structure on the surface of intermetallic
compounds that leads to a superior structural stability, as com-
pared to that of disordered substitutional alloys. For example,
the Pd-Ga catalysts retained the isolation of Pd active sites
during gas-phase acetylene hydrogenation providing enhanced
stability and selectivity.!”

Another promising system is the Pd—In catalyst capable of
forming stable intermetallic species. The stable Pd—In inter-
metallic bulk structure with a well-defined composition can be
obtained during the reduction of Pd/In,05.!" As in the case of a
Pd—-Ga intermetallic compound, the characteristic feature of the
Pd-In intermetallic phase is the formation of isolated palladium
sites.!? This is in agreement with the results of our previous
studies, which revealed improved selectivity for Pd-In in the
selective hydrogenation of terminal and internal alkynes in a
liquid phase.>!3

In spite of the increased attention to Pd-In catalysts, their
surface characteristics are explored insufficiently. Therefore,
this work was focused on studying the surface structure of a
Pd-In/Al,Oj5 catalyst by the diffuse reflectance infrared Fourier

© 2017 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

transform spectroscopy of chemisorbed CO (CO DRIFTS)."
Particular attention was paid to revealing the structure of Pd
active sites and their stability to oxidation.

Figure 1 shows the DRIFT spectra of bimetallic Pd-In/Al,O; and
monometallic Pd/AL,Oj in the carbonyl region (1800-2200 cm™).
The spectrum of the reference monometallic Pd/Al,O5 exhibits two
bands: a narrower one in the region of 2120-2020 cm™' centered
at 2090 cm~! and a broad band in the region of 2000~1800 cm™!
with a maximum at 1978 cm™'. These bands were assigned to CO
linearly adsorbed on metallic Pd (2090 cm™") and to multibonded
CO (1978 cm™!) combining bridged (2000-1895 cm™') and
threefold bridged CO species (1920-1830 cm™!).15-17

In contrast to the spectrum of monometallic Pd/Al,O;, the
bimetallic Pd—In/Al,05 sample exhibits an intense single band
centered at 2073 cm™! attributable to CO linearly adsorbed on
metallic Pd. The absence of any distinguishable signal within
the range of multibonded CO (2000-1800 cm™') provides strong

" The 1%Pd-1.08%In/AlL,05 (Wt%, the molar ratio Pd:In = 1:1) catalyst
was obtained via the PdIn(AcO)s heterometallic acetate complex as a
precursor of the active component in accordance with a procedure
described elsewhere.'* The sample was reduced at 500°C in a 5% H,/Ar
flow for 2 h. The previous TEM characterization of the catalyst indicated
the presence of metallic nanoparticles of size 4-5 nm.!# The reference
sample was monometallic 1.0 wt% Pd/Al,O;. The catalyst was prepared
by incipient wetness impregnation with an aqueous solution of [Pd(NHj3),]
Cl, - H,O with the subsequent calcination at 550 °C in an air flow for 4 h
and reduction at 500°C in a 5% H,/Ar flow for 1 h. According to the
TEM data, the particle size of palladium clusters was 3.5-4.0 nm.

The DRIFTS measurements were performed on a Tensor 27 Bruker
spectrometer. The sample compartment of a cell (collector from Harrick)
was filled with the as prepared sample. The sample (~20 mg) was first
reduced in situ in a flow of 5 vol% H,/Ar at 350 °C for 2 h. Then, the cell
was cooled to 25 °C (oxidative experiments) or 50 °C (other experiments)
and purged with Ar. A background spectrum was recorded under Ar.
Then, a flow (30 cm?® min™") of 0.5 vol% CO in He was introduced, and
spectra were recorded at 50 °C; or the cell was purged with 20 vol% O,/N,
at 25°C, and then a flow (30 cm?® min™!) of 0.5 vol% CO in He was
introduced and spectra were recorded.
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Figure 1 FTIR-CO spectra for (/) Pd/Al,0; and (2) Pd-In/Al,O;.

evidence that the surface of Pd—In nanoparticles possesses solely
single Pd atoms capable of binding CO only in a linear form
without any ensembles of neighboring Pd atoms. The destabiliza-
tion of bridging and hollow sites is presumably induced by
increasing Pd—Pd interatomic distances due to Pd site isolation
by In atoms similarly to the Pd—Ga system. !

Note that the band of CO linearly adsorbed on Pd-In/Al,O4
(2073 cm™) is shifted toward lower frequency by 15-20 cm™!, as
compared to the band of linear CO adsorbed on monometallic
Pd/ALO;5 (2090 cm™"). This shift can be explained by two effects.
First, it points to the pronounced back-donation of electron density
from the Pd atom to the anti-bonding m-orbital of the adsorbed
CO molecule and a concomitant weakening of the C—O bond'?
indicating the modification of the Pd electronic states by covalent
bonding in Pd-In. A similar effect was reported previously for
Pd-Ga intermetallic catalysts.'” Second, this shift may stem
from a reduced lateral interaction between linearly adsorbed CO
molecules due to the isolation of Pd sites by In atoms.

It is informative to estimate the strength of CO adsorption
on Pd-In and Pd catalysts. For evaluating this parameter, the
dynamics of CO desorption was studied by monitoring variations
in the adsorbed CO band intensities upon purging the catalysts
in an Ar flow at 50 °C after CO adsorption. Figure 2 shows the
relationship between the relative intensity of the adsorbed CO
band and purging time.

For the Pd-In/Al,O5 catalyst, the band intensity of linearly
adsorbed CO at 2073 cm™! decreases rapidly, and the band
completely disappears after ~40 min. The dynamics of the linear
CO desorption from Pd/Al,O5 is similar to that observed in
Pd-In/Al,O5 during the first 15-20 min. However, after decreasing
the intensity of a linearly adsorbed CO band by ~70%, the rate
of CO desorption becomes distinctly slower. This observation
suggests that the residual part of CO species is much stronger
bound to the Pd surface, which can be explained by the strong
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Figure 2 Dependence of the absorbed CO band intensities on purging time
for Pd-In/Al,05 and Pd/Al,O; catalysts in an Ar flow.

binding of a CO molecule on corner and edge atoms with a high
degree of coordination unsaturation. The bridge-bonded CO mole-
cules in Pd/Al,O; show considerably higher stability compared
with that of the linearly adsorbed CO,?° as indicated by the slow
decrease in their band intensity.

Note that, unlike monometallic Pd/Al,O;, the bimetallic
Pd-In/Al,O5 catalyst does not demonstrate a similar strong
binding of the residual part of linearly adsorbed CO. Tentatively,
the absence of strongly bound CO molecules indicates that Pd
atoms on the surface of Pd—In nanoparticles are located mostly
on terraces rather than corner or edge sites.

In general, a comparison between the dynamics of CO desorp-
tion from Pd/Al,O5 and Pd-In/Al,O; demonstrates that the strength
of CO adsorption on Pd-In is significantly reduced, as compared
to the monometallic sample. This observation is consistent with
data on the weakening of CO adsorption on PdGa due to a
strong electronic perturbation of the Pd electronic state because
of partial covalent Pd-Ga bonding.!0-1?

The stability of the Pd—In intermetallic surface and the single-
atom structure of Pd active sites against oxidation at room tem-
perature is essential for practical applications. For example, the
surface structure of bimetallic Pd—Ga systems undergoes fast
oxidation to metallic Pd and a mixture of palladium and gallium
oxides in air under ambient conditions.?! To estimate the stability
of the PdIn surface structure, the freshly reduced Pd-In/Al,O5
catalyst was subjected to a series of consecutive oxidations
by artificial air (20 vol% O,/N,) at 25°C for 3, 7 and 10 min
(Figure 3). After each oxidative treatment, the spectrum of
adsorbed CO was measured to monitor changes in the surface
structure.

We found that a short-time exposure (3 min) of the reduced
Pd-In/Al,O; to air resulted in a shift of a band at 2073 cm™ to a
higher frequency (2078 cm™') with the simultaneous appearance
of a broad band (1965 cm™!) corresponding to bridged CO species
on metallic palladium. This clearly indicates the appearance of
multiatomic Pd,, sites and suggests a partial destruction of the
single-atom structure. The consecutive oxidative treatments for
7 and 10 min (Figure 3, curves 3 and 4) led to a further gradual
shift of the linearly adsorbed CO band to 2092 cm™' typical of
CO adsorbed on monometallic Pd/Al,O5. The peak of bridge-
bonded CO shifted to 1970 cm™'. Thus, the oxidation of the
Pd-In catalyst for 10-20 min under ambient conditions is suf-
ficient for inducing the destruction of the surface single-atom
structure, the formation of Pd multiatomic centers, and a change
in the electronic state of Pd.
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Figure 3 FTIR-CO spectra of Pd-In/Al,O5 after (/) reduction in H,/Ar
at 350°C (1 h), after oxidation in air at 25°C for (2) 3, (3) 7 and (4) 10 min,
(5) after re-reduction in H,/Ar at 150°C (1 h), and (6) after re-reduction in
H,/Ar at 250°C (1 h).
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Presumably, the observed changes in the surface structure
of Pd-In/Al,0; resulted from the oxidation of In, partial destruc-
tion of the PdIn intermetallic surface, and the formation of a
Pd-rich Pd-In intermetallic phase and In oxide patches that
decorated palladium. A similar effect of oxidative treatment on
the structure of Pd—Ga catalyst was reported previously.?223

It is important that the single-atom structure of Pd active sites
can be easily recovered by mild reduction at 150°C (Figure 3,
curve 5). Reduction at 250°C leads to the complete disappearance
of the bridge-bonded CO band (Figure 3, curve 6). This observa-
tion suggests that oxidation affects only a near-surface region,
and it does not result in the significant segregation of Pd and In
components. We can hypothesize that Pd sites, which remain
metallic, activate hydrogen upon mild reduction and the facilitate
the reduction of oxidized In species. Reduced indium species
are easily incorporated into a near-surface area of palladium
particles with the recovery of the initial Pd-In structure.

This study was supported by the Russian Science Foundation
(grant no. 16-13-10530).
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