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ABSTRACT: Unraveling metal nuclearity effects is central for active site
identification and the development of high-performance heterogeneous catalysts.
Herein, a platform of nanostructured palladium (Pd) in gold (Au) dilute alloy
nanoparticles supported on raspberry-colloid-templated (RCT) silica was
employed to systematically assess the impact of the Pd ensemble size for the
low-nuclearity regime in the Au surface layer, from single atoms to clusters, on the
catalytic performance in the liquid-phase hydrogenation of benzaldehyde to benzyl
alcohol. Combining catalyst evaluation, detailed characterization, and mechanistic
studies based on density functional theory, we show that Pd single atoms in the Au

Pd content

%~ ) E Activity

surface plane (corresponding to samples with 4 atom % Pd in Au) are virtually

inactive in this reaction and benzyl alcohol production is optimal over small Pd clusters (corresponding to samples with 10—12 atom
% Pd in Au) due to superior benzaldehyde adsorption and transition state stabilization for the C—H bond formation step. For larger
Pd ensembles (samples with >10 atom % Pd in Au), C—O bond hydrogenolysis occurs, promoting toluene formation and
decreasing the selectivity toward benzyl alcohol, in line with a relatively lowered C—O bond cleavage barrier. Nevertheless, the
nanostructured bimetallic Pd;;Aug,/SiO,-RCT catalyst still outperforms monometallic Pd counterparts in terms of selectivity for
benzyl alcohol over toluene at comparable conversion and rate. Furthermore, the stability is improved compared to pure Pd

nanoparticles due to inhibited particle agglomeration in the RCT silica matrix.
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B INTRODUCTION

Currently, more than 80% of all catalytic processes in the
industry employ heterogeneous catalysts, which are most
commonly based on metals." Within this class of catalysts,
intermetallic compounds or metal alloys are of particular
interest due to their diverse reactivity and the potential to open
up new catalytic performance.” To explore these possibilities in
a systematic manner, nanostructured dilute binary alloys,
comprised of a well-defined active metal species incorporated
into a second less active yet catalytically selective metal, are
powerful model systems to derive structure—performance
relationships. Catalytic hydrogenation is an application of
particular relevance, as more than 25% of all chemical
transformations require at least one such step.

Currently, many hydrogenations rely on the use of
homogeneous catalysts under a hydrogen atmosphere or the
use of stoichiometric amounts of metal hydrides. From
economical and environmental footprint points of view, the
development of heterogeneous catalysts for these reactions is
highly desirable due to the simplified product separation,
catalyst recyclability, and waste minimization.” Recently, alloy
catalysts presenting a range of ensemble sizes for the active
metal—from a single atom to clusters* °—which can be
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regarded as a link between traditional heterogeneous and
homogeneous catalysts, have shown promise for the selective
hydrogenation of various alkynes to alkenes compared to
traditional nanoparticle-based catalysts.”’~"" Extending the
applicability of these nanostructured alloys to aldehyde
hydrogenation is highly desirable for the sustainable
production of alcohols in the bulk in fine chemical and
pharmaceutical industries.'”

An emerging material class, combining the advantages of
well-defined metal alloys with high thermal and catalytic
stability, is raspberry-colloid-templated (RCT) catalysts.">"*
By exploiting the self-assembly of sacrificial organic colloids
bearing metal nanoparticles on their surface (termed raspberry
particles) in the presence of oxide matrix precursors, highly
stable porous networks can be synthesized into which these
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dilute binary alloy nanoparticles can be embedded. Herein, the
hydrogenation of benzaldehyde to benzyl alcohol, which is
broadly employed as a specialty chemical'® and which mimics
chemical motifs typically found in biomass-derived oxygenates,
is reported over a series of PdAu/SiO,-RCT catalysts.

B EXPERIMENTAL SECTION

Catalyst Synthesis. Chemicals. All chemicals were used as
received without further purification. Hydrogen tetrachlor-
oaurate trihydrate (HAuCl,-3H,0, >99.9%), sodium borohy-
dride (NaBH,, 99%), sodium tetrachloropalladate (Na,PdCl,,
>99.99%), sodium citrate tribasic dihydrate (>99.0%), L-
ascorbic acid (>99.0%) poly(vinylpyrrolidone) (PVP, M,
55000 g/mol), and tetraethyl orthosilicate (TEOS, 98%)
were purchased from Sigma-Aldrich. Absolute ethanol (EtOH)
was purchased from KOPTEC. Ultrapure water (Millipore
Milli-Q grade) with a resistivity of 18.2 MQ cm™ was used in
all of the experiments. All glassware for nanoparticle syntheses
were cleaned with fresh aqua regia (HCI/HNO; in a 3:1
volume ratio), rinsed with large amounts of water, and dried at
403 K before usage.

Gold Nanoparticles. Following the procedure adapted from
Grabar et al, monodisperse gold nanoparticles were synthe-
sized."® Accordingly, 20 mg of HAuCl, dissolved in 1 mL of
Milli-Q (MQ) water was added to 200 mL of MQ water in a
500 mL round bottom flask. The reaction mixture was kept
under magnetic stirring (400 rpm), followed by the addition of
1.0 mL of a trisodium citrate solution (50 mg of sodium citrate
dihydrate per 2.0 mL of H,0). The reaction mixture was left to
stir for ten minutes at room temperature. Subsequently, 100
uL of aqueous NaBH, (9.0 mg NaBH, in 1.0 mL of cold H,0)
was added to the remaining 1.0 mL of trisodium citrate. The
combined mixture was then rapidly added to the reaction
under increased stirring (700 rpm), causing the solution color
to instantly change from yellow to dark purple. After wrapping
the flask in aluminum foil to reduce light exposure, the reaction
mixture was left to stir overnight at room temperature, causing
a final color change to red.

Pd Overgrowth. To grow palladium on the previously
synthesized gold nanoparticles, 75 mL of aqueous PVP
solution (0.1 g of PVP per mL of H,0) was first added to
250 mL of citrate-stabilized gold nanoparticles under
continuous stirring (400 rpm). After 30 min, 2.5 mL of 0.1
M HCI was added to the reaction and left to stir for additional
30 min. Subsequently, 150 uL of 10 mM Na,PdCl, and 150 4L
of 40 mM ascorbic acid were sequentially added (with a S min
interval between additions) to a vigorously stirring mixture to
obtain the Pd,Auyg NPs. Likewise, for PdgAuy,, Pd,;Aug,, and
Pd,;Aug;, 300, 450, and 670 uL of 10 mM Na,PdCl, and 40
mM ascorbic acid were added, respectively. The reaction flask
was covered with aluminum foil to reduce light exposure and
the mixture was left to react overnight. Ultraviolet—visible
(UV—vis) spectra were recorded the following day and
samples were stored in the dark until use.

Raspberry Colloids. The gold—palladium nanoparticles
were attached to the sacrificial polystyrene (PS) colloids (dpg
=374 nm) to generate the raspberry colloids. Accordingly, 240
mL of the nanoparticle dispersion was added dropwise under
continuous stirring at 400 rpm to 13.8 mL of amidine-
functionalized PS colloids (8.7 wt % in water) over 1 h,
followed by the addition of 1.5 mL of 0.1 M HCI to lower the
pH to ~4. The raspberry colloids were left to stir for 30 min
before washing with MQ water three times using centrifugation

(12,000g, 35 min) and subsequently redispersed in 24 mL of
MQ water (~5 wt % raspberry colloids in water).

RCT Preparation. A total of three 4 mL aliquots of the
raspberry colloid dispersion (~S wt % in water) were dried in
three separate conical vials at 338 K in air to yield a colloidal
crystal. To each vial, ~200 uL of prehydrolyzed TEOS solution
(33 vol % of 0.10 M HCI in MQ H,O solution, 33 vol %
ethanol, 33 vol % TEOS) was infiltrated into the colloidal
crystal, followed by drying at 338 K for 1 h. This step was
repeated 3 times. The samples were calcined to remove
sacrificial PS templating colloids by heating them in static air,
ramping the temperature from room temperature to 773 K
over 5 h and then maintaining the temperature at 773 K for 2
h, before cooling to room temperature over 3—4 h.

Catalyst Characterization. Bright-field transmission elec-
tron microscopy (TEM) images were acquired using a JEOL
2100 microscope (Japan) with an operating voltage of 200 kV.
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDX) were performed using a JEOL ARM
200F STEM equipped with a cold field emission gun (FEG,
operated at 200 keV) and an integrated aberration corrector
(Cs). The samples were dispersed in absolute ethanol and
drop-cast onto a Formvar/Carbon 200 mesh copper grid (Ted
Pella). Scanning electron microscopy (SEM) images were
acquired using a Zeiss UltraS$S field-emission scanning electron
microscope (FESEM). Inductively coupled plasma mass
spectrometry (ICP-MS; Thermo Fisher Scientific, iCAP RQ)
was used for compositional analysis (metal composition and
metal weight loading). The catalysts were digested using aqua
regia at 313 K for 72 h. Gold and palladium calibration
solutions were prepared just before analysis by dilution
standard solutions of HAuCl, (1000 ppm in 2% HNO;) and
Pd(NO;), (1000 ppm in 2% HNO;) in 1.4% HNO; (aq),
respectively. Ex situ X-ray photoelectron spectroscopy (XPS)
analyses were performed to identify surface elements and
describe the surface composition with a Thermo Fisher K-a+
X-ray photoelectron spectrometer equipped with an Al source,
180° double-focusing hemispherical analyzer, and 128-channel
detector. Samples were analyzed using monochromatic Al Ko
radiation (1486.6 eV, generated by a 12 kV electron beam)
focused onto a 400 um spot size, and the flood gun was
switched on throughout the analysis. Binding energies were
first calibrated using the adventitious C 1s peak, taken to be
284.8 eV. The Au 4f;, and Pd 3d;,, spectra were fitted with
modified Doniac—Sunjic functions, after Shirley background
subtraction, using Au/SiO, and Pd/SiO, as reference samples.
The selected peak positions of the different gold and palladium
species are based on the literature reported data’ and fixed
with an error of +0.1 eV.

Temporal Analysis of Products. The O, titration
experiments were carried out in a modified commercial TAP-
2-type reactor.'” The PdgAug, (9.5 mg), Pd;pAuy, (5.6 mg),
and Pd;Aug; (5.9 mg) catalysts were sieved to 100—300 ym
and then sandwiched in a thin zone configuration between two
layers of inert SiC particles (~350 pm) in a quartz
microreactor. Details on the TAP microreactor can be found
elsewhere.'® After loading into the microreactor, the catalysts
were pretreated for the initial oxidation with dry air (Airgas,
AI-D300, 20—22% of O, in N,) in flow mode (~40—45 cm®
min~!) at 673 K for 30 min and then cooled to 553 K in
flowing air. The microreactor was evacuated to 10™° Torr
before the O, titration experiments. The amount of oxygen
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species was determined by titration with a sequence of
quantified pulses of 20.84 mol % CO/Ar mixture (containing
~2 X 10" molecules of CO in each pulse) until CO,
production had ceased. Details on the quantification of oxygen
on the surface of the PdAu-RCT-SiO, catalysts can be found
elsewhere.'® The method for estimating the number of surface
atoms, which is used to calculate the surface Pd fraction on the
PdAu alloy nanoparticles, is described in the Supporting
Information.

Catalytic Evaluation. Liquid-phase flow benzaldehyde
hydrogenation was carried out in a continuous flow fixed-bed
reactor (HEL FlowCat). The catalyst (W, = 10—40 mg,
sieved into particles of 100—300 pm) was mixed with quartz
sand (vol/vol 1:5) to achieve a total volume of 2 mL and
transferred to a stainless steel reactor tube (6 mm diameter,
150 mm length). A thermocouple with the tip positioned in
the center of the catalyst bed was used to maintain the
temperature during the reaction at Tpq = 323 K. In a typical
test, a solution of benzaldehyde (0.5 M, Sigma-Aldrich, 97%)
and o-xylene (internal standard, 0.2 M, Sigma-Aldrich, 99%) in
isopropanol (Acros Organics, 99.5%) was fed via mass-flow
controllers at 0.05 mL min~" from the top into the reactor
concurrently with S0 mL STP min~' hydrogen (Airgas,
ultrahigh purity grade) at a pressure of S bar maintained by
a computer-controlled back-pressure regulator. Liquid samples
were collected periodically, after a stabilization period of 120
min (60 min of flow equilibration and 60 min of reaction
stabilization time), following the previous 60 min. of wetting in
isopropanol. The reaction products were analyzed ex situ by
gas chromatography-MS (GC-MS) (Agilent Column HP-Plot/
Q). To ensure the absence of mass transfer limitations, the
dimensionless moduli of Carberry and Weisz—Prater were
evaluated and found within the acceptable range (Ca = 0.03; ®
= 0.0005). This is further corroborated by the reproducibility
of catalytic experiments, which were successfully reproduced 3
times. To assess the influence of the internal standard (o-
xylene) on benzaldehyde hydrogenation, we ran a test in the
presence and absence of o-xylene in batch mode. The results
were found comparable, verifying o-xylene as a suitable internal
standard (Figure S15).

Reaction kinetics of benzaldehyde hydrogenation over
selected catalysts were studied at conversion levels <20% in
the temperature and pressure range of 323—353 K and 5—10
bar with benzaldehyde concentrations of 0.1-0.5 M to
determine the apparent activation energy (E,) and the partial
reaction order of the reactants (n(H,), n(BA)).

The catalytic conversion of benzaldehyde, X(BA), was
calculated according to eq 1

inlet outlet

n n
X(BA), % = 22 —_BA__100

inlet

Npa (1)

where n33"* and nik* denote the molar flows of benzaldehyde

at the reactor outlet and inlet, respectively. The selectivity S; of
product j (j: benzyl alcohol, toluene, acetal) to the products

was calculated according to eq 2

outlet
n .

. B
S, % =———"".100
) Z noutlet.v
i VBaj )
where n?"!* is the molar flow of the product j at the reactor

outlet, while v, ; is the stoichiometric coefficient relating the
consumption of benzaldehyde and the formation of product j.

The space—time yield (STY) was determined according to eq
3

outlet
"BoH

STY, mmolyqy s 'molpy ™! =
fipq )

where npq denotes the total amount of palladium metal in
moles, as determined by ICP-MS.

The reaction rate constant, k, and reaction rate, r, were
determined according to eqs 4 and 5, respectively

inlet _ _ outlet
k Los mol., ! = A BA
, mmolg,s™ mol,; = ————
fipq 4)
inlet __ _outlet
r, mmol s_lg e I N, T
) BA cat -
Meat (%)

where m, denotes the amount of catalyst in grams. After the
tests, the reactor was quenched to room temperature in Ar
(Airgas, ultrahigh purity grade) flow and the catalyst was
retrieved for further characterization.

Liquid-phase batch benzaldehyde hydrogenation was con-
ducted in a 50 mL stainless-steel batch reactor (Parr 5512 with
Parr 4848 Controller). In a typical reaction, benzaldehyde (50
mM) and o-xylene (internal standard, 20 mM) were mixed
with isopropanol (solvent) to a final volume of 32 mL.
Thereafter, 5—20 mg of the same sieved catalyst was added to
the solution mixture. The reactor was assembled, stirred at
1000 rpm, and purged four times with N, gas (99.998%,
approx. 30 bar). The reactor was then pressurized 3 times with
20 bar of H, gas (99.999%) to saturate the reaction solution
with H, and then heated to 150 °C, and the reaction time was
set to t = 0. The heated reactor was depressurized to 20 bar H,
once the desired temperature was reached. The reactor was left
stirring for 24 h and sample aliquots (approx. 0.2 mL each)
were withdrawn at specified timepoints from the reactor’s
sampling valve and analyzed by ex situ GC-MS using an Agilent
HP-1IMS column. After each sample withdrawal, the reactor
was repressurized back to 20 bar H,.

Density Functional Theory. Density functional theory
calculations were performed using Vasp version 5.4.1."77%'
The exchange—correlation energy was calculated using the
Perdew—Burke—Ernzerhof (PBE) functional.”> Spin polar-
ization was used in all calculations. The projector-augmented
wave (PAW) method was used to describe the core
electrons.””** The one-electron wavefunctions were expanded
using a set of plane waves with a kinetic energy of up to 400
eV. The dDsC dispersion correction method was used to
account for the van der Waals interaction between the
aromatic ring and the catalyst surface.”>*° Structural relaxation
for reaction intermediates was performed using the conjugate
gradient algorithm. Transition states were first searched using
the nudged elastic band (NEB) and climbing image (CI) NEB
algorithms.””*® The highest energy image of each CI-NEB
calculation was then refined using the Dimer and quasi-
Newton algorithms.” The electronic structure in each self-
consistent field (SCF) cycle was considered converged when
the difference of total energy in consecutive steps falls below
1076 eV. Atomic positions were considered converged when
the Hellmann—Feymann forces on unconstrained atoms fell
below 0.02 eV/A.

To simulate the Pd/Au alloys, a (4 X 4) supercell of
Au(111) with 4 Au layers was used to represent the catalyst
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Figure 1. Characterizations of the as-prepared catalysts. (a) Transmission electron microscopy (TEM) images of raspberry-colloid-templated
(RCT) Pd,Aug, Pdj;Ausg, and Pdg nanoparticles embedded into silica pore walls indicate comparable average metal particle sizes and
distributions in all samples. (b) Scanning electron microscopy (SEM) images showing the macroporous structure of the support typical for RCT-
based catalysts, exemplified here for Pd,g, Pd,Auys, and Pdj;Aug,. (c, d) X-ray photoelectron spectra (XPS) of the Au 4f and Pd 3d regions,
suggesting predominantly zero (metallic) oxidation state of Au and Pd in the alloy samples and Pd oxide in Pd,q.

surface. Atoms in the bottom two layers of the surface were
fixed to their bulk positions, while the top two layers and
adsorbates were allowed to relax. Surface Pd ensembles were
generated by replacing 1—3 surface Au atoms with Pd. For
these structures, the Brillouin zone was sampled using a (5 X §
X 1) mesh centered at the I' point.’® Benzaldehyde
hydrogenation and deoxygenation were also simulated over
the Pd(111) surface. In these calculations, a (4 X 4) supercell
of Pd(111) with 4 Pd layers was used as the catalyst surface.
Atoms in the bottom two layers of the Pd(111) slab were fixed
to their respective bulk positions. The Brillouin zone of
Pd(111) was sampled using a (5 X S X 1) mesh centered at the
Y point.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the PdAu/SiO,-RCT
Catalyst Platform. To systematically assess the relationship
between the Pd ensemble size in AuPd alloys and the catalytic
performance in benzaldehyde hydrogenation, a platform of
well-defined RCT catalysts was employed. Uniform alloy
nanoparticles homogeneously distributed at the pore walls of

Table 1. Metal Loading in the Catalysts Determined by ICP-
MS

catalyst Pd content (atom %) total metal loading (wt %)
Pd,Augg 43 2.6
Pd,Au, 8.5 2.6
Pd,Auy 10.5 2.8
Pd,;Aug, 13.5 2.7
Pd,g 100 0.4
Aty 0 38

highly ordered macroporous silica frameworks were generated.
These catalysts were calcined in a static air mixture at 773 K,
which draws Pd to the surface.'’ This approach enables tuning
the atomic Pd/Au ratio at the surface of the as-prepared alloys,
without altering any other potential catalytic descriptors, such
as the alloy particle size and density, the metal content, the
micro- and macroporosity, and the support structure, thus
presenting ideal model systems to derive structure—function
correlations. Additionally, these RCT catalysts ensure optimal
mass transport, thanks to their robust, macroporous support
structure, and they exhibit high thermal and mechanical

https://doi.org/10.1021/acscatal.3c02671
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Figure 2. Oxygen titration results indicating the Pd surface
composition. The surface Pd composition of oxygen-pretreated
PdAu alloy catalysts (dashed red line), determined using quantified
pulses of CO from a temporal analysis of products (TAP) reactor,
suggests the predominant presence of Pd single atoms in PdgAuy, and
an appreciable presence in PdjjAug,. On the contrary, Pd;;Auyg
exhibits mainly Pd ensembles, as indicated by the comparable surface
Pd content between the TAP experiments and the expected values
(black dashed line) based on ICP-MS.
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Figure 3. Catalytic activity and selectivity of Pd,Au,/RCT-SiO, in
benzaldehyde hydrogenation. (a) Total conversion of benzaldehyde
(green triangles) with corresponding product selectivity (bars) over
Pd,Au,/RCT-SiO, catalysts. (b) Space—time yield (STY, red circles,
based on total Pd content as determined by ICP-MS) and benzyl
alcohol selectivity (blue squares) as a function of Pd content (Table
1), indicating high performance for a Pd concentration of 10—13
atom %. Reaction conditions: Tp.q = 323 K, p = S bar, F(H,) = S0 mL
STP min~’, F(BA) = 0.05 mL min~’, W, = 40 mg.

stability at elevated temperatures in oxidative’’” and

reductive reaction atmospheres.”” The latter has been ascribed
to a partial embedding of the nanoparticles in the host
matrix.'* In this study, silica was chosen as the preferred

Table 2. Space—Time Yields and Selectivity to BOH of
Selected Catalysts

catalyst STYa(mmol(BOH) g mol(pd)_l) selectivity (BOH) (%)
Pd,Aug 13 98

PdgAug, 76 96

Pd,;pAuy, 434 95

Pd,;Aug, 443 82

Pd,g 276 47

Auygg 0

“Based on total Pd content as determined by ICP-MS.
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Figure 4. Reaction kinetics of benzaldehyde hydrogenation. (a)
Product selectivity at different conversion levels of benzaldehyde
hydrogenation over Pd;;Aug, and Pd,qo. (b) Arrhenius plots for the
reaction rate constants, k, used to derive the apparent activation
energy, E,, of the PdgAuy, (black), Pd;;Aug; (blue) and Pd,o, (red)
catalysts. (c) Reaction rates, r, for benzaldehyde hydrogenation on
Pd,;Aug, as a function of the inlet partial pressure of H, (red) or
benzaldehyde (blue) concentration. Notably, the apparent partial
reaction order for benzaldehyde changes from 0 to —3, depending on
the concentration range (¢). Reaction conditions: Ty.q = 323 K (a, ),
323-353 K (b), p = S bar (a, b), 1—6 bar (c), F(H,) = S0 mL STP
min~}, F(BA) = 0.05 mL min™’, ¢(BA) = 0.5 M (a,b), 0.1-2 M (c) in
isopropanol, W_,, = 5—40 mg (a), W, = 10 mg (b, c). Note that the
catalyst loading in (a) was adjusted for Pd,;Aug, and Pd,q, to achieve
the range of conversions while keeping otherwise identical reaction
conditions.
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support material due to its relatively inert and nonreducible
character in hydrogenation reactions.’

The average metal particle sizes of 7—8 nm and total metal
loadings of 2.6—2.8 wt % were confirmed by transmission
electron microscopy (TEM) and inductively coupled plasma
mass spectrometry (ICP-MS) analysis, respectively (Figure la
and Table 1). Scanning electron microscopy (SEM) shows an
average pore diameter of 220 nm of the silica support across
the RCT catalyst series (Figure 1b and S1). The Pd content in
the bimetallic catalysts was varied in the range of 4, 8, 10, and
13 atom %; actual average measured compositions are shown
in Table 1. Accordingly, the as-prepared catalysts are referred
to as Pd Auye PdgAug,, Pd;;Augg, and Pd,;Aug,. Monometallic
catalysts, Pd, o, and Au,, as well as metal-free SiO,-RCT, were
also prepared as reference materials.

Previous literature shows that Pd and Au are homoégeneously
mixed in the as-prepared bimetallic catalysts,” as was
corroborated by the energy-dispersive X-ray spectroscopy
(EDX) intensity maps of Pdj;Aug, (Figure S2). Note that
EDX can only be used to visualize the overall metal
distribution in the PdAu NPs but is not sensitive enough to
detect small compositional changes in the surface layer. Partial

12097

Pd surface enrichment upon oxygen pretreatment has therefore
previously been demonstrated using X-ray absorption spec-
troscopy, *>** density functional theory (DFT) calcula-
tions,"" temporal analysis of products reactor studies,"® and
catalytic testing‘lo’33 X-ray photoelectron spectroscopy (XPS)
analysis of the Au 4f region of the calcined catalyst (Figure 1c)
indicates a predominantly zero oxidation state of Au (metallic
Au; binding energy, B.E. = 84.0 = 0.1 eV, full width at half-
maximum, FWHM = 2.0)** with minor Au** contributions
(B.E. = 86.5 + 0.1 eV, FWHM = 2.0),” possibly originatin%
from oxygen spillover from Pd onto Au during calcination.

Analysis of the Pd 3d region (Figure 1d) in the bimetallic
catalysts is limited by the comparably small Pd content
compared to that of the major component, Au, and the overlap
with the Au 3d features. Deconvolution of the spectra suggests
a predominantly metallic nature of Pd atoms (B.E. = 345.0 +
0.1 eV, FWHM = 1.5),” with a smaller contribution of surface-
oxidized sites (B.E. = 336.9 + 0.1 eV, FWHM = 1.5). In line
with previous X-ray absorption analysis of Pd-in-Au alloy
catalysts,"**' monometallic Pd,,, was found to exhibit a larger
fraction of oxidized Pd species after calcination compared to
the PdAu alloys.”

To gain further insights into the surface composition and
surface distribution of Pd in the alloy catalyst series, a recently
developed method based on titrating the active species with
precise pulses of O,, followed by CO, from a pulse flow reactor
was employed.'® Specifically, the method builds on the high
activity of preoxidized PdAu alloys in CO oxidation. By pulsing
calibrated amounts of CO over the oxygen-pretreated PdsAu,,
Pd;jAugy, and Pdj;Au.g catalysts, CO, is formed, which is
quantified using mass spectrometry. The number of CO,
molecules is related to the amount of surface oxygen species,
which in turn relates to the Pd content (see the Experimental
Section and Supporting Information for details). Following this
method, surface Pd contents of 1.12 + 0.67, 6.78 + 1.36, and
12.65 + 1.41% were calculated for PdgAug,, Pd;jAug, and
Pd;Ausg respectively, assuming a degree of nanoparticle
embedding in the support of 85% in the RCT catalysts'*
(Figure 2). Note that this method only counts the contiguous
Pd atoms and neglects the isolated Pd single atoms since
isolated Pd is unable to dissociate molecular oxygen.*®’’
Assuming a homogeneous Pd distribution within the PdAu
alloy nanoparticles, the substantially lower surface Pd contents
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Figure 7. Characterizations of selected catalysts after use in benzaldehyde hydrogenation for 25 h, indicated by “-u” in the sample code. (a) TEM
images of Pd 3Ausg-u and Pd,g-u with corresponding particle size distributions, indicating minor particle agglomeration upon exposure to the
reaction atmosphere by comparison to their as-prepared analogues (Figure 1a). (b) SEM images showing the preserved macroporous structure of
the support after catalysis. (c, d) XPS of the Au 4f and Pd 3d regions, indicating increasingly reduced metal sites after catalysis in comparison to the

as-prepared states (Figure 1c,d).

of PdgAuy, and Pd;jAuy, in the titration experiments (dashed
red line in Figure 2), compared to the expected Pd contents
(dashed black line in Figure 2, based on ICP-MS results),
suggest the predominant and non-negligible presence of Pd
single atoms in these samples, respectively. On the contrary,
the surface Pd content in Pd;3Aug is in line with the expected
bulk value and thus indicates the presence of mainly Pd
ensembles (e.g, dimers, trimers, small clusters).

Activity and Selectivity of Pd,Au,/RCT-SiO, in
Benzaldehyde Hydrogenation. Prior to the catalytic tests,
the samples were activated by exposure to a 20% O, in an Ar
mixture at 773 K.'” Subsequent to such activation, hydro-
genation runs were conducted in a liquid flow reactor at a bed
temperature of Ty, .4 = 323 K and a pressure of p = 5 bar with a
hydrogen flow of F(H,) = 50 mL STP min~". The rates and
selectivity of benzaldehyde hydrogenation strongly depend on
the choice of solvent.'”*** Specifically, protic solvents, such
as alcohols, were recently identified as suitable candidates due
to their ability to coordinate and solvate sorbed hydrogen on
palladium surfaces, converting them into interfacial protons,

which have been shown to promote C=O bond hydro-
genation of carbonyl groups.'>*’ Among the protic solvents,
we herein selected isopropanol as the solvent for the added
benefit of its environmentally benign and non-hazardous
characteristics in combination with a relatively lower
propensity to form acetals as compared to other alcohols
with less steric demands. 0-Xylene was chosen as an internal
standard and verified to not affect the rate or selectivity in
benzaldehyde hydrogenation (Figure S3).

Benzaldehyde (0.5 M) and o-xylene (0.2 M) dissolved in
isopropanol were fed over the catalyst (weight, W, = 40 mg)
at a flow of 0.05S mL min~". Product analysis at the reactor
outlet was carried out using ex situ gas chromatography
coupled to mass spectrometry (GC-MS). Steady state was
reached in approx. 60 min, following previous flow
equilibration for additional 60 min, during which the catalyst
was exposed to the reducing atmosphere for a total of 120 min.
Typically, the hydrogenation of benzaldehyde (BA) yielded
benzyl alcohol (BOH) as the primary hydrogenation product
with toluene (TOL) as a secondary product (Figure 3a). The
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Au;y, and metal-free SiO,-RCT catalysts were found to be
inherently inactive under these reaction conditions.

Benzaldehyde conversion markedly increased with increas-
ing Pd content of the RCT catalysts (Figure 3a). Notably,
Pd,Augs and PdgAuy, displayed only marginal hydrogenation
activity, exhibiting conversions of only 2 and 4%, respectively.
A steep increase in activity was found over the Pd;;Aug, and
Pd,;Aug;, catalysts, which showed benzaldehyde conversions of
60 and 97%, respectively, with the latter comparable to Pd
(98%). However, the catalysts that exhibited the highest
conversions also showed decreased selectivity to benzyl alcohol
due to the formation of toluene. Besides benzyl alcohol,
toluene, and trace amounts of acetal, presumably resulting
from the reaction of benzaldehyde with isopropanol,*' no
additional products were detected by GC-MS analysis. No
detectable hydrogenation of the aromatic ring was observed
under the selected reaction conditions. While the fraction of
toluene was found to be <5% for the catalysts with a Pd
concentration below 10 atom %, the Pd,;Aug; and Pd,q
catalysts displayed a toluene selectivity of 15 and 43%,
respectively, at conversion levels of 98%. Consequently,
space—time yields (STYs, based on total Pd content as
determined by ICP-MS) of benzyl alcohol (Figure 3b) were
maximized over the Pd;jAuy, and Pd;Aug, catalysts, out-
performing monometallic Pd,, by 1.5 fold (Table 2).

To ensure that the activity hierarchy of the Pd Au,/RCT-
SiO, series is intrinsic to benzaldehyde hydrogenation and not
dependent on the chosen reactor mode, we reproduced key
experiments in batch mode (Figure S4). Benzaldehyde
conversion (Xp,) and the corresponding first-order kinetic
plots (with first-order rate constant k) as a function of reaction
time are in good agreement with the activity trends obtained in
the flow experiments.

To test the effect of benzaldehyde conversion on product
selectivity, the loading of both Pd;Aug, and Pd,y (W, = S—
40 mg) was adjusted to achieve similar conversions from 10 to
100% under identical reaction conditions. At conversion levels
below 20%, both catalysts exclusively produce benzyl alcohol
(Figure 4a). With larger catalyst loadings, and thus higher
benzaldehyde conversion, toluene formation became more
prevalent. However, Pd;,, produced considerably more
toluene compared to Pdj;Aug, over the entire range of
conversion. To test whether toluene was formed from the
reaction of benzyl alcohol, benzyl alcohol was co-fed in the
reactant mixture (Figure SS). At benzaldehyde conversion
levels of 20%, co-feeding of 0.5 M benzyl alcohol (to the
reaction feed of 0.5 M benzaldehyde) did not alter the
benzaldehyde conversion level or the product selectivity. Thus,
the benzyl alcohol does not appear to inhibit the reaction or
lead to the formation of toluene. Indeed, feeding 0.5 M benzyl
alcohol alone (without benzaldehyde) produced no con-
version; the direct sequential formation of toluene from benzyl
alcohol under the selected reaction conditions can be excluded.

Kinetic studies of Pd;;Aug, and Pd,q, were performed in
order to compare these catalysts to previous studies of
monometallic Pd-based catalysts (Figure 4b). In the temper-
ature range between 323—523 K, an apparent activation
energy, E,, of 16.4 k] mol™" was found for Pd,y, in agreement
with previous studies.*” Pd,;Aug, also exhibited a comparably
low apparent activation energy of 22.8 kJ mol™’, whereas, in
contrast, PdgAug, showed a significantly higher value of 32.4 kJ
mol™". These results emphasize the closer resemblance of the
hydrogenation activity of Pd,;Aug; to monometallic palladium

than to the more dilute PdAu alloys. The partial reaction order
of hydrogen in the pressure range of 1—6 bar was found to be 0
over Pd;;Aug,;, indicative of H saturation of the available sites
(Figure 4c). Notably, these results are distinctly different from
the order of 1, found under typical conditions for previous
studies of Pd catalysts in batch mode and likely originate from
the significant excess of hydrogen (H,/BA ratio >100 times)
in the here applied reaction conditions in flow mode.'”** On
the other hand, the reaction order of benzaldehyde was found
to be 0 in the concentration range between 0.1 and 1 M in
agreement with the previous batch studies. Above this range,
the reaction was inhibited by benzaldehyde, ultimately leading
to catalyst deactivation at higher concentrations.

To assess the importance of substrate aromaticity on the
reactivity of the aldehyde, the hydrogenation of cyclo-
hexanecarboxaldehyde, the fully saturated structural analogue
of benzaldehyde was attempted over Pd;;Aug, and Pd;g
(Figure S6). Under identical reaction conditions of benzalde-
hyde hydrogenation, no conversion was detectable. Even upon
increasing the temperature to T4 = 423 K and the H,
pressure to p = 8 bar, neither catalyst showed any activity
for this reaction, indicating the key role of the aromatic ring in
facilitating aldehyde hydrogenation. These observations are
fully in line with previous literature, studying the effect of the
side chains of aldehydes for hydrogenation reactivity over Pd-
based catalysts. Therein, the authors did not observe any
conversion of cyclohexanecarboxaldehyde and other saturated
aldehydes as well and identified strong 7-electron conjugation
as the grerequisite for electronic activation of the carbonyl
group.4‘

Mechanistic Theoretical Considerations on the
Ensemble Size Effect. To rationalize the experimentally
observed activity and selectivity trends, density functional
theory (DFT) calculations were performed to investigate the
effect of the Pd ensemble size on the energetics of the
adsorption and hydrogenation of benzaldehyde (PhCHO, Ph
as the phenyl group) and on the deoxygenation of partially
hydrogenated PhCHO. Following our previous investigation of
the H,/D, exchange reaction over dilute Pd-in-Au catalysts, we
simulated the Pd active sites of the dilute Pd-in-Au catalysts by
replacing Au atoms on the Au(111) surface with Pd.” Such
Pd,_; surface ensembles were found to be adequate in
describing the H,/D, exchange kinetics over dilute Pd-in-Au
catalysts.”” Overall, it was found that increasing the Pd
ensemble size from Pd; to Pd; strengthens the adsorption of
intermediates and reduces the C—O bond cleavage barrier of
partially hydrogenated intermediates. The adsorption of
PhCHO progressively strengthens as the Pd ensemble size
increases from single atoms (Pd,, representing Pd,Aug,/SiO,-
RCT) to dimers (Pd,) and trimers (Pd;, representing
Pd,;Aug,/Si0,-RCT Figure S), and finally to bulk palladium
(Pd(111), representing Pd,40/SiO,-RCT). Specifically, it
becomes more negative (stable) from —0.80 eV over Pd; to
—2.12 eV over Pd(111) (Table S1). The same trend is
observed for the stability of the transition state (TS) of the O—
H bond formation step to PhCHOH* (star indicates an
adsorbed species on the catalyst surface), where, from Pd, to
Pd(111), the energy of the O—H bond formation TS (relative
to gas phase PhCHO and H,) is stabilized from —0.34 to
—2.00 eV. Although it could appear that Pd,Augy,/SiO,-RCT
might be the most active (as the C—H bond formation barrier
is the lowest over Pd,), it should be noted that the adsorption
of PhCHO on all sites would require a loss in liquid-phase
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entropy, which, in turn, would increase the free energy of the
subsequent TS. As PhCHO is least strongly bound on both
Pd, and Pd,, the loss of entropy would harm the reactivity of
those sites the most. Continuing in the reaction pathway, the
PhCHOH?* product of the hydrogenation step shows the same
trend in stability with the Pd ensemble size as PhCHO, as its
adsorption energy is also strengthened by increasingly larger
Pd ensembles. Since the C radical of the PhCHOH*
intermediate is a part of the conjugated system, a progressively
larger fraction of the aromatic ring can adsorb on Pd,_;. For all
Pd structures considered, the PhCHOH?* intermediate was
found to be more stable than the PhCH,O* intermediate
(Figure S7), making it likely for the benzaldehyde hydro-
genation reaction to mainly take place through PhnCHOH*
over Pd ensembles on Au(111). Finally, for the TS of the
PhCH—OH bond cleavage, a smaller impact of ensemble size
is observed on the barrier, where the deoxygenation barrier
only decreases from 2.09 to 1.90 eV moving from Pd;Au(111)
to Pd(111) (Table S1). To compare the selectivity of Pd-in-Au
catalysts and Pd for benzaldehyde hydrogenation and
deoxygenation, the full energy profiles of the reactions over
Pd;/Au(111) and Pd(111) through the PhCHOH* inter-
mediate were calculated (Figure S8). For both Pd;/Au(111)
and Pd(111), the hydrogenation barrier to form benzyl alcohol
was found to be lower than deoxygenation, resulting in higher
selectivity for benzyl alcohol over toluene.

For comparison, the impact of the Pd ensemble size on the
hydrogenation of benzaldehyde to PhCH,O* and its
subsequent deoxygenation was also examined (Figure S8).
As for PACHOH?*, the same trend in stability was observed for
the TS of the C—H bond formation step to PhCH,0*. Next,
in contrast to the PhnCHOH?* intermediate, adsorption by only
the O radical was found to be the most stable configuration of
PhCH,O%* on the Pd;—Pd; ensembles, while adsorption of the
full aromatic ring was found to be possible on Pd(111). The
changing PhCH,O* adsorption configuration from the small
Pd ensembles to Pd(111) impacts the geometry of the TS of
PhCH,—O%* bond cleavage. For Pd,—Pdj;, the aromatic ring is
lifted off the surface, while the ring can still contact with
Pd(111). The contact between the aromatic ring and the
Pd(111) surface stabilizes the TS, lowering the C—O bond
cleavage barrier from 1.62 eV over Pd; to 1.16 eV over
Pd(111), implying that there is a higher chance for the C—O
bond of the PhCH,O* intermediate to be cleaved over large
Pd ensembles resembling Pd(111) (Table S1).

It is most likely that an optimum in conversion and
selectivity originates from a compromise between the
adsorption strength of PhCHO hydrogenation intermediates
and the C—C bond cleavage barrier due to the active site
ensemble size. On Pd,, only the oxygen of the aldehyde group
can adsorb on the Pd site. The resulting #' configuration is
weakly bound to Pd,, with an adsorption energy of —0.80 eV
(Figure S9). On Pd,, the aromatic ring can now partially
adsorb on the Pd ensemble, oriented at the bridge site between
the two Pd atoms. This adsorption geometry is reminiscent of
the “bri30” adsorption configuration of benzene, where the 7-
conjugated system makes a 30° angle with the close-packed
direction.** Compared to Pd,, the adsorption energy is slightly
strengthened to —0.87 eV. Increasing the ensemble size to Pd;,
the aromatic ring can fully adsorb on the surface. Here, the
aromatic ring is situated at the face-centered cubic (FCC) site
at the center of the Pd; ensemble, reminiscent of the “FCCO0”
configuration of benzene. Compared to Pd, and Pd,, the

adsorption energy of PhCHO is much stronger on Pd; at
—1.38 eV. Here, by comparing the adsorption configuration
and strength of cyclohexanecarboxaldehyde (C¢H,;CHO) with
that of PhCHO on Pd;, the importance of the z-conjugated
system in stabilizing reaction intermediates is apparent.
Different from PhCHO, C4H,;;CHO adsorbs on Pd; in an #*
configuration through only the oxygen of the aldehyde group;
as such, its adsorption strength is much weaker at —0.98 eV.
(Figure S9e) As an alternative to the geometric effect, we also
examined the possibility of electronic effects on the adsorption.
The trend of PhCHO adsorption energy is not correlated to
electronic effects, as the center of the Pd 4d states does not
change significantly with increasing ensemble size: the Pd 4d
state center is essentially identical from Pd; to Pd; (Figure
S10).

As further confirmation of the geometric effect, the
adsorption energy of PhACHO on contiguous Pd surfaces was
also compared (Figure S11). Three such surfaces were
compared: Pd(111), a Pd monolayer (Pdyy) atop Au(111),
and Pd,;; /Au(111) under compressive strain, where the lattice
spacing of the Au substrate was set to that of bulk Pd. On all
three surfaces, PhCHO prefers to adsorb in the “bri30”
configuration, hence limiting variations in adsorption energy to
mainly electronic contributions. The adsorption energy is the
weakest on Pdyy; /Au(111) under strain at —2.09 eV, while it is
the strongest on Pdy;/Au(111) under no strain at —2.31 eV
(Figure S12). For reference, on Pd(111), the adsorption
energy of PhCHO is close to that of Pdy;/Au(111) under
compressive strain at —2.12 eV. From Pd(111) and Pdy;/
Au(111) under compressive strain to Pdyy /Au(111) under no
strain, the Pd 4d band center rises from —1.81 and —1.75 to
—1.48 eV relative to the Fermi energy of each respective
surface. Although an upshift in the Pd 4d band center
noticeably strengthens the adsorption energy of PhACHO, the
shift is much smaller than that among Pd ensembles of
increasing size. As such, the geometry of the active ensemble
size is the main contributor to variations in adsorption energy.

Catalyst Stability and Deactivation. The stability of the
most active alloy, Pd,;;Aug, was compared to that of
monometallic Pd;y, for benzaldehyde hydrogenation with 25
h time-on-stream tests at 323 K and S bar (Figure 6). Full
conversion levels were initially observed for Pd,y, but it
deactivated to 86% over 25 h. On the contrary, Pd;;Aug,
maintained a stable conversion of 93% at comparable benzyl
alcohol selectivity (85—87%) for 20 h after an initial
equilibration period. The higher stability of Pd;;Aug,
compared to Pd,y, was further confirmed at lower conversion
levels (<20%) and, thus, in the absence of toluene formation
(Figure S13).

To rationalize the diverging stability trends between the
monometallic Pd,y, and the bimetallic Pd,;Aug, catalysts, both
were examined ex situ after being subjected to the reaction
conditions. Accordingly, the used samples were retrieved after
the 25 h tests (sample code -u) for characterization by TEM,
SEM, EDX, XPS, ICP-MS, and temperature-programmed
oxidation (TPO). TEM showed a slight increase in the
average metal particle size for Pd;;Aug, from 6.7 nm in the as-
prepared (Figure 1a) to 7.9 nm in the used catalyst (Figure
7a). A more significant increment in the average metal particle
size was found for Pd,, (6.8 to 8.9 nm), suggesting particle
agglomeration as a possible deactivation path. Notably, the
tendency to agglomerate was lower in the Pd ;Aug, catalyst in
line with their respective catalytic performance.
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Comparison of the as-prepared and used Pdy, and Pd,;Aug;
catalysts by SEM (Figures 1b and 7b) indicates that the
ordered pore structure of the silica support was preserved in
both cases, indicating structural stability and thus the
applicability of RCT-based catalysts for liquid-phase hydro-
genations with pressures up to S bar. ICP-MS analysis of the
used Pd,y and Pd;Aug, catalysts confirmed preservation of
the metal loading in both cases, excluding metal leaching as
deactivation path. Specifically, the metal content of Pd,o, and
Pd,;Aug; remained at 0.4 and 2.7 wt % with a Pd content of 14
atom % in the latter case (compared to 13.5 atom % in the as-
prepared sample, Table 1). In line with the preserved metal
contents, the metal distribution also remained comparable in
the used Pd;3;Aug, and as-prepared sample catalysts, though
due to sample drift during the measurement, the results are not
definitive in Figure S2b.

XPS analysis of the used Pd;;Aug, and Pd,Aug, catalysts
showed an increased fraction of reduced/metallic Au in the Au
4f spectra (Figure 7c), compared to the as-prepared samples
(Figure le), suggesting that Au is fully reduced under the
reductive atmosphere during benzaldehyde hydrogenation.
Similarly, inspection of the Pd 3d region also indicates that the
Pd sites are increasingly reduced after exposure to the reaction
conditions in all catalysts (Figure 7d). Comparison of the C 1s
spectra of the as-prepared and used catalysts shows no
apparent changes, suggesting the absence of coke deposits
(Figure S14).

To further confirm this, TPO was conducted in a diluted
oxygen atmosphere (Figure S$15). No O, consumption (m/z =
32) or CO, formation (m/z = 44) was detected over the
investigated temperature range on both Pd,o, and Pd;;Auy,
catalysts after benzaldehyde hydrogenation for 25 h time-on-
stream, corroborating the absence of carbonaceous deposits.
This result is in line with the unchanged optical appearance
and color of the used catalysts and excludes coke formation as
a relevant deactivation path.

B CONCLUSIONS

The reaction kinetics and selectivity for benzaldehyde
hydrogenation on dilute Pd-in-Au nanoparticle RCT catalysts
are controlled by the size of surface Pd ensembles. While Pd
single atoms (4 atom % Pd in Au) are virtually inactive, benzyl
alcohol production is the highest over small Pd clusters
expected to form between 10—12 atom % Pd in Au. The
activity trend likely originates from the fact that the precursor
state of benzaldehyde hydrogenation is too weakly bound on
Pd single atoms and both the adsorption of benzaldehyde and
the stabilization of the transition state of the C—H bond
formation step progressively strengthen with the number of Pd
atoms. Further increasing the Pd ensemble size above 10—12
atom % Pd in Au leads to the onset of hydrogenolysis,
promoting toluene formation, in line with a relatively lowered
C—O bond cleavage barrier. The nanostructured Pd ;Aug,/
SiO,-RCT catalyst is however much more selective for
hydrogenation compared to pure Pd RCT catalysts (82 vs
47%) at comparable conversion (~98%) and activity (~5S00
mmOlgepyaidehyde s™! molpy~!). Remarkably, the catalyst stability
is also improved in the Pd;;Aug,/SiO,-RCT due to inhibited
particle agglomeration.
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