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Reduction behavior of PAO-NiO/SiO,: how Pd
location affects cinnamaldehyde hydrogenationt
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In this work, we study the reducibility of a PdO precursor placed by strong electrostatic adsorption on
either NiO or SiO, of NiO/SiO, obtained by incipient wetness impregnation. The catalysts were
characterized by HAADF-STEM, quasi-in situ XPS, CO IR spectroscopy and H, chemisorption as a function
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of the reduction temperature and evaluated for their performance in cinnamaldehyde hydrogenation. PdO
on SiO, requires reduction at higher temperatures to achieve appreciable rates of cinnamaldehyde
hydrogenation. Pd placed on NiO particles dispersed on the SiO, support can already be reduced at room

temperature and show a higher activity in cinnamaldehyde hydrogenation, which is argued to be due to

rsc.li/catalysis

Introduction

Supported Pd nanoparticles can be used as catalysts for
various hydrogenation reactions." Adding a second cheaper
transition metal can effectively improve their catalytic
performance and reduce the use of costly Pd metal. Ni is an
obvious choice for bimetallic Pd catalysts, as this base metal
is much cheaper and often makes up the active phase in
hydrogenation catalysts.> For instance, Nakagawa et al**
showed that Pd-Ni alloy was more active than Pd in the
hydrogenation of furan compounds. At the same time,
Bertolini and coworkers®™ reported the influence of the Pd/Ni
ratio on butadiene hydrogenation by Pd-Ni alloys. While the
active phase in such bimetallic catalysts is usually discussed
in terms of alloys implying that both metals are reduced, the
alternative presence of reduced particles of the more noble Pd
metal on top of less reducible NiO has also been
discussed.’® ™ A recent example of Campisi et al.’® showed
increased activity in furfural conversion using Pd on NiO
catalyst compared to monometallic Pd and NiO. Other
authors have demonstrated that Pd/NiO catalysts also displays
good activity in the hydrogenation of p-chloronitrobenzene'
and hydrogenation'® and the oxidation of aromatic rings."* As
such, synergistic effects between Pd and Ni can be based on
Pd-Ni alloys and Pd-NiO active phases. Partially reduced Pd-
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the higher Pd dispersion obtained at low reduction temperatures.

Ni/NiO catalysts have been less studied. For Co, it has been
shown that partial reduction in combination with Pd can lead
to higher reactivity."* Therefore, the concept of partial
reduction of Pd-Ni precursors will be our main interest in
this study.

In this context, it is noteworthy that Pd is usually see as a
reduction promoter for NiO."” Nowak et al. found that as
little as 0.01 wt% Pd (or Pt) is sufficient to significantly lower
the reduction temperature of NiO.'®'” This positive effect on
reduction is explained by H, activation on reduced noble
metal and spillover of hydrogen atoms to NiO. This hydrogen
spillover effect has since been reported to be relevant for the
reduction of catalysts and the corresponding reactions, as
summarized by Prins.'® In most studies of Pd-Ni catalysts,
characterization deals with the reduction of the NiO
constituent with less attention for the reduction of Pd and its
possible role in catalysis.

In this work, we investigate the reduction of oxidic Pd-Ni
precursors supported on SiO, to establish the potential of Pd
and Ni for their catalytic hydrogenation. Proximity of the two
metals in the oxidic precursor is required to study the desired
effect. Standard impregnation or precipitation methods
cannot guarantee close contact between the two metals in
supported catalysts. To prepare well-defined precursors in
which Pd and Ni are either in close contact or separately
supported on the SiO, support, a NiO/SiO, catalyst was
prepared by incipient wetness impregnation (IWI), followed
by deposition of Pd using strong electrostatic adsorption
(SEA). The location of the Pd (either NiO or SiO,) can be
controlled by choosing the Pd precursor and the pH of the
SEA solution. A similar approach has been demonstrated by
Feltes et al.,"> who deposited Mn selectively on either CoO or
TiO, in CoO-TiO,. This synthesis method leads to small, well-
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defined Pd nanoparticles supported on NiO-SiO, and, thus,
ensures direct contact between Pd and Ni.

These precursors are then investigated in detail by STEM,
XPS, and CO-IR spectroscopy during reduction. The catalytic
performance of the Pd-Ni catalysts in cinnamaldehyde
hydrogenation was evaluated as a function of the reduction
temperature. Cinnamaldehyde is an essential chemical in the
fragrance industry, and its hydrogenation products are
valuable intermediates in pharmaceuticals and
perfumery.>***' The cinnamaldehyde molecule has two bonds
available for hydrogenation, the C=C and C=O0O bond, with
the C=C bond being more likely to be hydrogenated both
from the thermodynamic and the kinetic point of view.>* The
benzene ring can also be hydrogenated, but this seems to be
limited as only small amounts of 3-cyclohexyl-1-propanol
were reported on high Pt-loaded catalysts, as Machado et al.
reported.”® Thus, this product is unlikely to form under
typical cinnamaldehyde hydrogenation conditions. Besides
the influence of the solvent,>** the structure sensitivity of
this reaction has been explored,**">® making it a useful probe
reaction for the present study.

Materials and methods

Catalyst synthesis

The NiO-SiO, precursor was prepared by incipient wetness
impregnation (IWI) of SiO, (Fuji Silysia CARIACT Q-10, BET
surface area = 277 m”> g™') with an aqueous solution of
Ni(NO3), (Fischer Scientific, 99%), aiming for a weight
loading of 10 wt%. Before impregnation, the dissolved
Ni(NO;), was mixed with ethylene diamine (EDA, Sigma
Aldrich, =99%) in a molar Ni:EDA ratio of 1:3. The
impregnated material was dried at 110 °C in air and calcined
at 300 °C in air to obtain the oxidic precursor denoted as
NiO(3)-SiO, (the number 3 referring to the particle size of
NiO in nm). Another catalyst serving as a TEM model system
contained larger NiO particles was obtained using a higher
Ni loading (20 wt%). This sample was dried at 110 °C and
calcined at a higher temperature of 500 °C in air (denoted as
NiO(50)-Si0,, 50 referring to the particle size of NiO in nm).
Pd was loaded onto these samples in strong electrostatic
adsorption (SEA) mode, as depicted in Scheme 1. For this
purpose, the NiO(3)-SiO, precursor was suspended in water
(25 ml gcmlyst'l), while the pH was controlled by adding 0.1

(a) Pd@NiO-SiO, (b) NiO-Pd@SiO,

Solution at pH = 5 Solution at pH = 9

PA(NH;) 2t

pdClE Iy,
v 1, >
Ay N
| $ |
S
N
‘ N
(lJH o
Sio, Si0,
PZC=2-5 PZC=2-5

Scheme 1 Schematic representation of the electrostatically driven
selective adsorption of PdCl,2” on NiO at pH = 5 (a) or Pd(NHs),2* on
SiO, at pH = 9 (b).
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M HCI or NaOH, aiming at a pH of 5. Pd was added to the
suspension as solid Na,PdCl, (Strem Chemicals, 99%, 50 mg
Na,PdCl, per 1 g catalyst precursor) in the case of deposition
on NiO or Pd(NH;),(NO3), (Sigma Aldrich, 99.99%) for
deposition on SiO,. The resulting suspension was stirred for
1 h, keeping the pH at 5. The powder samples were retrieved
from the suspensions by filtration and washed three times
with distilled water, followed by drying in air overnight at
110 °C. Samples are noted as Pd@NiO-SiO,, with the @
indicating Pd having been deposited on NiO and NiO-
Pd@SiO, to indicate Pd having been deposited on SiO,.

Catalyst characterization

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were taken on the TU/e
CryoTitan (Thermo Fisher Scientific) with an acceleration
voltage of 300 kV at room temperature. HAADF-STEM
samples were prepared by grinding and suspending the
catalyst in ethanol and drop-casting the suspension on a
TEM grid. In addition, XRD measurements were carried on a
Bruker Phaser D2 diffractometer using Cu Ko radiation.
Furthermore, TPR was measured in a Micromeritics
Autochem II 2920 equipped with a U-tube fixed bed reactor.
In a typical experiment, ~100 mg of sample was dried at 110
°C for three hours under He. H,-TPR was carried out in 4%
H, in N, with a flow of 50 ml min™" and a rate of 5 °C min*
between 50 and 900 °C.

H, adsorption was measured using a Micromeritics ASAP
2020. In a typical experiment, ~100 mg of sample was dried
at 110 °C for 2 h in a He flow and then for 1 h under vacuum
at that temperature. The H, adsorption curves were measured
at 35 °C. Reduced samples were exposed to an H, flow at the
indicated temperature for 3 h, evacuated at the same
temperature as reduction, and the adsorption curves were
measured. The amount of adsorbed H, was determined by a
linearized form of the Langmuir isotherm for dissociative
adsorption.”® ICP-OES measurements were done on an
AMETEK Spectroblue ICP apparatus. The samples were
dissolved in an acid mixture of HF:HNO;z;:H,O (1:1:1 by
volume) and then diluted with water.

IR spectroscopy was carried out on a Bruker Vertex 70v
with a resolution of 2 ecm™ in the 4000-900 cm™ range. Each
spectrum was collected by averaging 32 scans. IR spectra
were recorded using an environmental stainless-steel cell
with CaF, windows and a DTGS detector. The sample was
pressed as a pellet with a diameter of 13 mm and a pellet
density of ca. 5 mg/1.3 cm®. The pellet was pre-treated in situ
at different reduction temperatures for 3 h in a flow of 10
vol% H, in nitrogen. CO dosing was done while the sample
was cooled to a temperature of —170 °C. The dosing of CO
was done using a gas loop of 25 puL connected to a six-way
valve. Reference measurements of blank SiO, and the CO gas
phase were acquired and subtracted from the spectra. A
detailed description of the processing procedure can be
found in the ESL} extended method S1.

This journal is © The Royal Society of Chemistry 2025
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Quasi-in situ XPS measurements were carried out on a
Kratos AXIS Ultra system with an Al Ko monochromatic
source (15 kV, 10 mA). XPS spectra were recorded at a pass
energy of 40 eV (step size 0.1 eV), and survey spectra at a pass
energy of 160 eV (step size 0.5 eV). Samples were pre-treated
in an attached vacuum chamber under an atmosphere of 10
vol% H, in Ar at a total pressure of 1 bar. After the reaction,
the chamber was evacuated, followed by transfer of the
sample to the analysis chamber without exposure to air. The
Si 2p peak was used as a charge reference at 103.5 eV for
energy calibration, as the carbon signal disappeared after
reduction at elevated temperatures.

Catalytic activity

The hydrogenation of cinnamaldehyde was carried out in
stainless-steel batch reactors with a volume of 11 ml. The
reactor was charged with 2.8 ml isopropyl alcohol (Merck Life
Science, 99.5%) and 1.2 ml cinnamaldehyde (Merck Life
Science, 99%). The reactors were pressurized with H, to a
pressure of 30 bar. The hydrogenation reaction was
performed for 10 h at 50 °C by placing the autoclaves in a
heating jacket. Before reaction, the catalysts were pre-treated
in a flow reactor in a flow of 10 vol% H, in He at a
temperature ranging from 50-600 °C for 3 h (rate 5 °C
min~"), followed by passivation in 1 vol% O, in He. After
reaction, the liquid phase was collected and analyzed by GC
(Shimadzu GC-17A, Rxi-5-ms, FID, internal standard
n-dodecane). The conversion was calculated on a carbon
basis with all carbon accounted for. All reactions were carried
out in triplo.

Results

Strong electrostatic adsorption (SEA) was used to selectively
deposit Pd on NiO particles dispersed on SiO,. The principle
of SEA is based on electrostatic interactions between
oppositely charged metal solute complexes and a charged
support, as outlined by Regalbuto.?® To achieve selective SEA
on one metal oxide over another, the point of zero (PZC)
charges of the two metal oxides must be sufficiently
different.” In the present study, we aim to deposit Pd on
either NiO crystallites supported on SiO, or, as a reference,
SiO, in the presence of NiO particles. The PZC of NiO (PZC =
8-10 (ref. 31)) is different from the one of SiO, (PZC = 2-5
(ref. 31)). Choosing a pH of the Pd-containing solution
between these two pH values leads to positively charged
-OH," groups at the NiO surface. At the same time, the silica
surface is mainly terminated by neutral OH groups or
negatively charged Si-O™ groups. The PZC of SiO, is around 2
with appreciable negative surface charge only developing
above a pH of 6.*> Using a negatively charged PdCl,>
precursor complex, we can preferentially deposit Pd on the
Ni-OH," groups. We carried out such SEA with PACl,>” at a
pH of 5 wusing NiO-SiO, precursors containing NiO
crystallites with average sizes of 3 nm and 50 nm (denoted by
NiO(3)-SiO, and  NiO(50)-SiO,,  respectively). = The

This journal is © The Royal Society of Chemistry 2025
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corresponding  Pd-loaded samples are denoted by
Pd@NiO(3)-Si0, and Pd@NiO(50)-SiO,, respectively.

Alternatively, by employing a positively charged Pd complex,
Pd(NH,),>", we deposited the Pd selectively on SiO, at a
relatively high pH. For this purpose, we set the pH to 9 to
limit the dissolution of SiO, and NiO. SiO, dissolution would
entail the risk of forming Ni-phyllosilicates, which are hard
to reduce.’® These samples are denoted by NiO(3)-Pd@SiO,
and NiO(50)-Pd@SiO, for small and large NiO crystallites,
respectively.

ICP elemental analysis is used to determine the obtained
Pd loading, while the location of Pd concerning NiO and SiO,
is established with HAADF-STEM. We prepared two
additional reference samples, namely Pd@SiO,-SEA(5), where
PdCL,* is deposited on bare SiO, at pH 5, while Pd@SiO,-
SEA(9) is obtained using Pd(NH;),>" at pH 9 (Table 1). The
interaction of PdCl,*>~ with SiO, at pH 5 does not result in
the deposition of Pd, as evident from the Pd content below
the detection limit (ICP elemental analysis). When the same
deposition approach is carried out with NiO(3)-SiO,, we
obtain a Pd loading of 0.5 wt% (Pd@NiO(3)-SiO,). From this
difference, we infer that Pd selectively interacts with NiO in
the NiO(3)-SiO, sample. For the reference deposition carried
out with Pd(NH;),>" at pH 9 (Pd@Si0O,-SEA(9)), we obtain a
Pd loading of 0.51 wt%. This confirms the successful
deposition of the cationic Pd precursor on the negatively
charged SiO, surface. The Pd content is much lower than the
one corresponding to a monolayer Pd coverage based on the
silanol density (determined thermogravimetrically) and the
surface area (~6 wt% Pd).

Representative HAADF-STEM images of several Pd-NiO
samples are shown in Fig. 1. The HAADF-STEM images of
Pd@NiO(3)-SiO, and NiO(3)-SiO, reduced at 100 °C do not
allow clear discrimination between Pd and Ni particles due to
the very small particle size. EDX measurements on a probe-
corrected STEM instrument at atomic resolution were
therefore attempted. These attempts were unsuccessful due
to the beam sensitivity of the SiO, support, leading to strong
sample drift during EDX mapping and spot analysis (see Fig.
S1 in the ESIf).

Alternatively, by using NiO(50)-SiO, containing
substantially larger NiO particles, we could readily determine
the location of Pd when deposited on NiO. A comparison of
the images of PA@NiO(50)-SiO, and NiO(50)-SiO, reduced at
100 °C clearly shows that small Pd nanoparticles of roughly 2
nm in size are located on the large NiO particles. Inspection
of STEM images of NiO(50)-Pd@SiO, reduced at 100 °C show
that Pd nanoparticles are primarily deposited on the silica
support instead of NiO. As we will show below, the Ni
particles remain in the oxidic state upon reduction at 100 °C.
We also reduced NiO(50)-Pd@SiO, at 600 °C to probe the
changes upon NiO reduction. This does not significantly
change the size of the Pd particles on the SiO, support, while
there are drastic changes in the Ni particle size due to its
reduction to the metallic state. When the Pd@NiO(50)-SiO,
sample is reduced at 600 °C, it is impossible to observe the

Catal. Sci. Technol., 2025, 15, 765-773 | 767
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Table 1 Elemental composition and particle size as determined by ICP-OES and HAADF-STEM analysis respectively. Particle size distributions are given

in Fig. S27
Sample Ni wt% Pd wt% Reduction temperature (°C) Particle size NiO (nm) Particle size PO (nm)
Pd@NiO(.’i)—SiOZ 8.82 0.50 100 2.3+0.7 —
600 3.1+0.7 —_
Pd@NiO(SO)—SiOZ 17.0 0.82 100 50 £ 19 2.6 +0.5
600 13+£5
NiO(S)—Pd@SiOZ 9.10 1.31 100 1.9 +0.7 —
600 2.1+0.5
NiO(SO)—Pd@SiOZ 17.6 1.16 100 29 + 16 1.5+£0.3
600 17+ 6 + 0.3
PA@Si0,-SEA(5) n.d.® n.d.® 100 —
PAd@8Si0,-SEA(9) n.d.® 0.51 100 — 1.5 +0.3
NiO(3)-Si0, 8.87 n.d.® 100 2.5 + 0.7 —
Particle sizes marked with “—” could not be determined. “ Values below the detection limit.

individual Pd nanoparticles on the larger Ni phase anymore,
which may hint at the formation of Pd-Ni alloy.

X-ray diffractograms of these samples shown in Fig. 2 do
not contain diffraction lines of Pd or PdO, which is in line
with the high dispersion of Pd, as evidenced by STEM.
Expectedly, the X-ray diffractograms of PA@NiO(50)-SiO, and
NiO(50)-Pd@SiO, contain sharp diffraction peaks of Ni
phases (NiO in the precursor, Ni metal in the high-
temperature reduced and passivated samples), which are less
intense and much broader in the samples based on NiO(3)-
SiO,. In the latter samples, air exposure during the transfer
of the relatively small reduced Ni crystallites leads to
complete oxidation to NiO. The metallic Ni diffraction lines

NIO(53)-10; PA@NIO(53)-SI0;

Reduced 100 °C

NIO(50)-Pd@SI0;
Reduced 200 °C

200 nm 50 nm T 50 nm
R — ——

NiO(50)-PE@SIO;

Reduced 2009C

PA@NIO(3)-SiO,
Reduced 100°C.

15 nm

NiO[3)-Si0;
Reduced 100 °C

PA@NIO(50)-SiO,
Reduced 600 °C

Fig. 1 HAADF-STEM images of Pd-NiO-SiO, catalysts prepared by SEA
and reduced at different reduction temperatures. The dotted areas are
enlarged to show more clearly that Pd particles were primarily
deposited on either the NiO or the SiO,. Particle size distributions are
given in the ESIj Fig. S2.
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did not change for the Pd-containing samples. Even if Pd-Ni
alloy is formed, significant shifts are not expected that the
high Ni/Pd ratio of 32.

We evaluated the performance of the Pd-NiO-SiO,
catalysts in cinnamaldehyde hydrogenation upon reduction
at different temperatures. The cinnamaldehyde conversion
after 10 h reaction is shown as a function of the reduction
temperature in Fig. 3. The corresponding product
distributions are given in Fig. S3.f Hydrocinnamaldehyde is
the main reaction product with a typical selectivity above
80% for all samples. Hydrocinnamyl alcohol is the other
product observed in reasonable amounts. Only a small
amount of cinnamyl alcohol (0-2%) is observed for some
catalysts. There are no significant differences or trends in the
product distribution among the samples. Literature mentions
a shift in the products of hydrogenation towards
hydrocinnamyl alcohol and cinnamyl alcohol when the Pd
particles become larger than 3 nm.>*® Thus, the catalytic
hydrogenation results support the finding that the Pd particle
size in our catalysts are smaller than ~3 nm.

The conversion as a function of the reduction temperature
in Fig. 3 varies significantly among the catalysts. Most
pronounced is the very different trend observed for the
Pd@NiO-SiO, and NiO-Pd@SiO, catalysts. The monometallic
Ni sample does not show appreciable catalytic activity,
irrespective of the reduction temperature (Fig. S41), which

a) b)

0000, Nie NIO(50)-Si0, 6000
PA@NIO(50)-Si0, red. 100 °C
14000 PA@NIO(50)-Si0, red. 600 °C

PA@NIO(3)-SiO,
Reduced at 100 °C
Reduced at 600 °C

NIO(50)-Pd@SIO, red. 600 °C 50201 )

8
8
8

Intensity [a.u.]
g
z
S
¥
Intensity [a.u.

\ \ 3000
AN =
o \.Jv‘ ‘\-........J" A

Fig. 2 XRD patterns of Pd-NiO-SiO, catalysts prepared by SEA: (a)
NiO(50)-SiO, and Pd-containing samples derived thereof reduced at
100 °C and 600 °C and (b) Pd@NiO(3)-SiO, reduced at 100 °C and 600
°C.
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Fig. 3 Cinnamaldehyde hydrogenation activity of Pd-NiO-SiO,
catalysts prepared by SEA (batch reactor, 50 °C, 4 mg catalyst, 2.8 ml
IPA solvent, 1.2 ml cinnamaldehyde, 30 bar H,, 10 h reaction time).

implies that the hydrogenation activity mainly stems from
reduced Pd. Both Pd@NiO(3)-SiO, and Pd@NiO(50)-SiO,
show a high cinnamaldehyde conversion at low reduction
temperature, which declines when the reduction temperature
is raised to 200 °C and beyond. The NiO(3)-Pd@SiO, and
NiO(50)-Pd@SiO, samples exhibit the opposite trend with
low activity after reduction at 50 °C and an increasing
cinnamaldehyde conversion with increasing reduction
temperature, which levels off upon reduction above 200 °C.
Given the significant differences in Pd and Ni content
between the catalysts containing small and large NiO
particles, it can be stated that the performance does not
strongly depend on the NiO particle size. As such, this
strongly indicates that the catalytic activity stems from
reduced Pd phases, as can be expected from the literature on
this topic.*»** Thus, in the remainder of this work, we will
focus on resolving the nature of the different behavior of Pd
when located on NiO or SiO,.

The H,-TPR trace of NiO(3)-SiO, shown in Fig. 4 contains
a broad reduction feature starting at 300 °C with a main
contribution a 500 °C. Mile et al*® assign the low-
temperature shoulder to NiO particles weakly interacting with
the SiO, support. The main reduction feature at 500 °C can
be assigned to smaller NiO nanoparticles or particles inside
smaller pores, requiring a higher temperature to reduce. The
trace of PA@Si0,-SEA(9) contains only one reduction peak at
125 °C, which is due to the reduction of PdO to Pd. The
profile of Pd@NiO(3)-SiO, shows two distinct reduction
features at 300 °C and 425 °C. As the Pd/Ni ratio in these

—— Pd@NIO(3)-Si0,
—— NiO(3)-Si0,

—— PA@SIO,-SEA(9)
—— NiO(3)-Pd@Si0,

0.02

TCD signal [a.u.]
o
2

Temperature [°C]
Fig. 4 H,-TPR of Pd@NiO(3)-SiO,, NiO(3)-SiO,, Pd@SiO,-SEA(9) and
NiO(3)-Pd@SiO,. 5 °C min™%, 4% H, in N», 50 ml min™2.
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samples is very low, most of the H, consumed is due to NiO
reduction, which is promoted by metallic Pd due to hydrogen
spillover.">"® The trace of NiO(3)-Pd@8SiO, can be interpreted
as a combination of the traces of Pd@SiO,-SEA(9) and
Pd@NiO(3)-SiO,. The low-temperature feature is due to the
reduction of PdO on SiO,, while NiO reduction proceeds at
higher temperatures. Despite the presence of two reduction
features, Pd still affects the reduction of NiO, as can be
appreciated from a comparison of the traces of NiO(3)-SiO,
and NiO(3)-Pd@SiO,. NiO in NiO(3)-Pd@SiO, reduces at a
lower temperature, similar to PAd@NiO(3)-SiO,. This shows
that Pd promotes the reduction in these samples. We can
also see that the shoulder is shifted to higher temperatures
for NiO(3)-Pd@SiO,, showing there is less NiO interaction
with Pd than in Pd@NiO(3)-SiO,.

We then studied the surface of these catalysts after
reduction at different temperatures by quasi-in situ XPS. We
first discuss the Pd 3d and Ni 2p spectra of the monometallic
reference catalysts. Details of the models used for fitting
these spectra can be found in the ESIf (extended method
section S2). Fig. 5 shows the Pd 3d spectra of Pd@SiO,-
SEA(9). After drying, Pd is present as Pd>" in PdO, as can be
judged from the Pd 3ds/, binding energy of 337.1 eV.*” Upon
reduction at 50 °C, a second Pd 3d;, feature at 335.2 eV can
be assigned to metallic Pd.*® The spectra of the samples
reduced at 100 °C and above only contain the metallic Pd
component. This is in reasonable agreement with the TPR

Pd@SiO, SEA 9 Pd2+ Pd(0) Pd2+Pd(0)

\
|

+ Raw Data
—— Pd(0)
— P&
1 —— Background

3
L

J— ——
r‘(),»*,rr'-'/r g _J/(./-"f'-—'r‘f
.

R

a2

Reduced 400 °C

Tk

Reduced 100 °C Reduced 600 °C

348 346 344 342 340 338 336 334 332
Binding energy [eV]

38 6 34 342 30 338 3% 33 a2
Binding energy [eV]
Fig. 5 Quasi-in situ Pd 3d XPS spectra of Pd@SiO,-SEA(9) measured
after different reduction treatments.
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data in Fig. 4. The observation that Pd is already reduced
completely at 100 °C during quasi-in situ XPS is likely due to
the dwell time of 3 h employed at each reduction
temperature. In contrast, the TPR data was obtained at a
heating rate of 5 °C min '. Moreover, we cannot exclude
analysis-induced reduction of Pd0.***° The Ni 2p XPS spectra
for NiO(3)-SiO, are shown in Fig. S5.f The dried sample and
the sample reduced at 200 °C contain only Ni*'. After
reduction at 300 °C and 400 °C, an additional feature due to
metallic Ni with a 2p;, binding energy of 852.5 eV can be
seen. Reduction at 600 °C results in the complete reduction
of Ni.

The Pd 3d XPS spectra of Pd@NiO(3)-SiO, and NiO(3)-
Pd@SiO, are shown in Fig. 6 and 7. The XPS spectra of
NiO(3)-Pd@SiO, evolve in a comparable manner with
temperature as those already discussed for Pd@sSiO,. While
PdO is the dominant phase in the dried state, reduction at
100 °C already completely converts Pd*" to metallic Pd.
However, Pd in PA@NiO(3)-SiO, is already fully reduced in
the dried state. This result, verified in a duplo measurement,
shows that the PdO phase in contact with NiO is much more
prone to reduction by X-ray exposure in the XPS apparatus.
As such, this hints at a weaker interaction of Pd with NiO
than with SiO,, resulting in higher reducibility of Ni in
Pd@NiO(3)-SiO,. Interestingly, the Ni 2p spectra for these
bimetallic catalysts were very similar to those for the NiO(3)-
SiO, reference (Fig. S6 and S77), indicating a very small
promoting role of Pd on NiO reduction. These results seem
to contrast the H,-TPR measurements, which showed a
promoting effect of Pd on NiO reduction. To investigate this
difference obtained by XPS and H,-TPR, we carried out
additional H,-TPR measurements using the same heating
rate and dwells as employed in the XPS measurements. The
corresponding H,-TPR results are shown in Fig. S8, while
the H,-TPR and XPS results obtained in this way are collected
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Raw Data
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Fig. 6 Quasi-in situ Pd 3d XPS spectra of Pd@NiO(3)-SiO, measured
after different reduction treatments.
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Fig. 7 Quasi-in situ Pd 3d XPS spectra of NiO(3)-Pd@SiO, measured
after different reduction treatments.
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in Fig. 8. Clearly, the differences mentioned above are due to
the dwells introduced in the heating profile.

CO IR spectra measured for PdA@NiO(3)-SiO, and NiO(3)-
Pd@sSiO, at different reduction temperatures are shown in
Fig. 9. Preliminary results showed that PdO can be easily
reduced to Pd metal when exposed to CO at ambient
conditions (Fig. $101) in line with results for Pd/CeO,.*!
Therefore, we recorded the CO IR spectra at liquid N,
temperature (~-170 °C). The contributions of gas-phase CO
and the bare SiO, support were removed from the IR spectra
(see ESIT extended methods section S2 and Fig. S10-S127).

In the dried state, the IR spectra of Pd@NiO(3)-SiO, and
NiO(3)-Pd@SiO, (Fig. 9) contain a single feature at 2165-
2170 em™, which can be assigned to CO adsorbed on Ni*" in
NiO according to Hadjiivanov et al.*> While this signal first
decreases in intensity after reduction at 50 °C, it is stronger
again after reduction at 200 °C, followed by a decrease upon
reduction at 400 °C. The decrease after reduction at 400 °C
can be attributed to the reduction of NiO to Ni, as followed
from H,-TPR and XPS. The decrease in signal after low-
temperature reduction is an artifact of how the CO IR spectra

100 4
Pd@NiO(3)-SiO,
—=—TPR
—0—XPS
NiO(3)-Pd@SiO,
—e—TPR
—O0—XPS

IS -3 @
=3 =3 =3
L L L

Degree of reduction [%]

N
S
!

0 1 60 260 360 4[‘)0 5(‘)0 660

Reduction temperature [°C]
Fig. 8 Comparison between reduction degree of Ni obtained from
H>-TPR and XPS measurements carried out using stepwise heating and
dwells for 3 h at the indicated temperatures.
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Fig. 9 CO IR spectra following drying or reduction at varying
temperatures. The spectra were recorded at a CO pressure of 0.24
mbar in the cell, while the sample temperature is approximately -170
°C.

were obtained. The spectra were obtained following
successive treatments on the same sample. First, the sample
was dried, followed by evacuation and cooling to liquid N,
temperature. At a temperature of ~-170 °C, IR spectra were
recorded for samples. Then the samples were evacuated and
heated back to room temperature, followed by reduction at
50 °C for 3 h. IR spectra were then recorded in the same
manner involving evacuation, cooling, and CO exposure. After
this treatment, additional bands are observed at 1555 cm %,
1410 cm ™ (and 1707 em™ for NiO(3)-Pd@8i0,) together with
the disappearance of the NiO signal at 2170 cm™" (Fig. S137).
The signals at 1555 cm™* and 1410 cm ' indicate that
carbonates have formed. These carbonates form when the
sample is heated to room temperature after the first
measurement by residual CO left on the sample. These
carbonates partially cover the NiO, resulting in a lower
intensity of the relevant IR bands. A temperature of 200 °C or
higher is required to remove these carbonates. When these
carbonates are removed the underlying NiO becomes visible
again and the signal intensity of the corresponding bands
increase.

Reducing the Pd@NiO(3)-SiO, sample at 50 °C leads to IR
bands due to linear and bridged CO on metallic Pd at 2098
em™ and 1949 cm ™, respectively. These bands become more
pronounced after reduction at 100 and 200 °C due to the
further reduction of Pd. The observation of a larger relative
contribution of bridged CO species at 200 °C points to the
growth of the Pd particles during temperature-programmed
reduction. In contrast, when the NiO(3)-Pd@SiO, is reduced
at 50 °C, the CO IR spectrum does not contain IR features of
reduced Pd. Bands due to metallic Pd are only observed after
reduction at 100 °C. These differences demonstrate that Pd
on NiO in Pd@NiO(3)-SiO, can be reduced easier than Pd on
Si0, in NiO(3)-Pd@SiO,.

Reduction to 400 °C results in the reduction of NiO to Ni,
as evident from CO adsorption on metallic Ni sites in both
catalysts. Linear and bridged CO adsorption bands are
observed at 2098 cm™' and 1949 cm™', respectively. There is
also an IR band at 2054 cm™". All these CO IR bands were
also reported for reduced Ni/SiO, by Mihaylov et al.*® These
authors ascribed a band at 2046 cm™ to Ni(CO),. The Ni(CO),
is likely physiosorbed on the surface due to the low
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measurement temperature.** The spectrum of the
monometallic Ni-SiO, sample reduced at 400 °C displays
similar bands at 2098 cm™, 2054 cm™ and 1949 cm ™" (Fig.
S14%).

Besides the onset of Pd reduction, the CO IR spectra of
Pd@NiO(3)-Si0, and NiO(3)-Pd@SiO, also reveal other
differences. The shoulder at 2054 cm " observed for
Pd@NiO(3)-SiO, reduced at 200 °C is not present for NiO(3)-
Pd@SiO,. This shoulder develops into a resolved band for
the former catalyst after reduction at 400 °C. This feature is
also present in the IR spectrum of NiO(3)-Pd@SiO, after
reduction at 400 °C. The peak at 2054 cm™" is a clear signal
of CO bound to metallic Ni. It is also observed in IR spectra
obtained after reduction of the Ni-SiO, reference at 400 °C
(Fig. S147). The appearance of this band after reduction at a
lower temperature for Pd@NiO(3)-SiO, in comparison to
NiO(3)-Pd@SiO, shows the proximity of Pd to NiO in the
former catalyst with spillover hydrogen from Pd lowering the
onset temperature of NiO reduction.

H, chemisorption was employed to estimate the number
of metallic sites obtained after reduction at different
temperatures. Metallic Pd and Ni surface sites can contribute
to chemisorption of H, at 35 °C.** The results for the various
catalysts are displayed in Fig. 10, while the corresponding
numerical data are provided in Table S1f The absence of
chemisorbed H, for dried Pd@SiO,-SEA(9) shows that PdO is
not reduced. Reduction at temperatures in the 100-550 °C
range results in appreciable H, chemisorption, which is
nearly independent of temperature. The H/Pd ratios between
0.9 and 1.0 indicate the very high dispersion of Pd. Such H/
Pd ratios correspond to a Pd particle size of ca. 1 nm, which
is in reasonable agreement with the particle size of 1.4 nm
determined by HAADF-STEM. The H/Pd ratio after reduction
at 50 °C is slightly lower, most likely due to the incomplete
reduction of Pd. The monometallic NiO(3)-SiO, does not
chemisorb H, after drying or reduction at temperatures up to
200 °C. This agrees with the H,-TPR results, which showed
that NiO only starts to reduce at 300 °C. There is a small
irreversible uptake of H, after reduction at 200 °C, which
may hint at a small amount of reduced Ni strongly adsorbing
H,. After reduction at 300 °C, a large amount of H, is
adsorbed, pointing to significant reduction of NiO to Ni.
Reduction at 400 °C results in a much larger amount of

a) b)
035 035 PPN
PA@NIO-SIO, NiO(3)-Pd@SiO,
70304 —@— 1st Adsorption F 0% -~ 1st Adsorption
z ~(O—2nd Adsorption 5 > 2nd Adsorption 'S
g 0251 Pd@SiO,SEA(9) § 0254 NiO(3)-Si0, /,A ~A
5 —#- 1st Adsorption 5 —A— 1st Adsorption 4 77K
E 0204 —}2nd Adsorption So \ 2nd Adsorption '
£ £ 4
s 015 gn.ws
ga.m 1 “3; 010 ;
2 2 »
N 0,05 goos
T = £¥ A
0,004 [ e i — 4

Dried 50 100 200 300 400 550 Dried 50 100 200 300 400 550

10°C Reduction temperature [°C] 1oc Reduction temperature [°C]

Fig. 10 H; chemisorption of Pd-NiO catalysts after different reduction
treatments (first point represented dried catalyst): (a) Pd@NiO-SiO,
and Pd@SiO,-SEA(9) and (b) NiO(3)-Pd@SiO, and NiO(3)-SiO,.
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adsorbed H,. After treatment at 550 °C, the amount of
chemisorbed H, is lower than at 400 °C, which can be
explained by the sintering of the Ni nanoparticles.

The trends in the H/Pd and H/Ni ratios for NiO(3)-
Pd@SiO, can be interpreted as a combination of the trends
for PA@SiO, and NiO(3)-SiO,. No H, is adsorbed after drying
at 110 °C. Reduction at 50 °C and 100 °C shows increasing
amounts of chemisorbed H,, which is due to reduction of
PdO to Pd, as also observed for Pd@SiO,-EA(9). Reduction at
200 °C increases the amount of reversible and irreversible
adsorbed H,, which means that metallic Ni sites form due to
the reduction of NiO. The irreversible fraction is likely due to
H, chemisorbing on metallic Ni sites, as also observed for
NiO(3)-SiO,. The amount of chemisorbed H, exhibits a
maximum at a reduction temperature of 300 °C. The value
upon reduction at 400 °C is nearly the same. This implies
that all Pd and Ni have been reduced at these temperatures.
As observed for the pure NiO(3)-SiO, sample, reduction at
550 °C leads to a decrease in the amount of adsorbed H,,
indicative of Ni sintering.

Unlike the other dried catalysts, PdA@NiO(3)-SiO, already
shows H, uptake after drying. The first uptake of 0.085
mmol g., ' is substantially larger than the second uptake of
0.033 mmol gcat_l. This amount of irreversibly adsorbed H,
of 0.052 mmol g, " is comparable to that of Pd present
(0.047 mmol g, based on the Pd loading of 0.50 wt% as
determined by ICP). Thus, it is reasonable to conclude that
the chemisorbed H, has been consumed to reduce PdO to
Pd. This is in line with the higher reducibility of PAO on NiO
compared to PdO on SiO,. This also implies that the second
lower uptake is due to the absence of PdO reduction, as it
has already been converted to Pd. Differently, when
Pd@NiO(3)-Si0, is reduced at 50 °C and 100 °C, the amounts
of chemisorbed H, during the first and second uptake are
comparable, implying that no further reduction occurred.
The H/Pd ratios based on reversible H, chemisorption upon
reduction at 50 °C and 100 °C are in the range of 1.0-1.4.
These ratios are higher than those observed for reduced
Pd@8SiO,-SEA(9) (0.7 and 1.1, respectively). This means that
the Pd particle size in Pd@NiO(3)-SiO, is likely in the
subnanometer range, and its Pd dispersion is higher than Pd
on silica in Pd@SiO,-SEA(9) at equal Pd loading. Upon
reduction at 200 °C, the amount of adsorbed H, increased as
NiO reduced to Ni. After reduction at 300 °C and 400 °C, the
adsorbed amount of H, does not change. Therefore, NiO is
likely completely reduced already at 300 °C. The amount of
adsorbed H, decreases slightly after reduction at 550 °C,
which can be ascribed to sintering.

General discussion

Our data show that metallic Pd displays a much higher
activity than Ni in the hydrogenation of cinnamaldehyde in
line with the literature.”® When Pd particles are located on
SiO,, reduction at low temperatures is incomplete, explaining
the increasing cinnamaldehyde conversion with temperature.
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This goes together with some sintering of Pd. By selectively
placing the Pd precursor complex on NiO in Pd@NiO(3)-
Si0,, Pd reduction becomes more facile. Already after
exposure to H, at 35 °C, metallic Pd is formed on NiO, which
exhibits a substantially higher activity in cinnamaldehyde
hydrogenation than Pd on SiO,. The activity of Pd@NiO(3)-
SiO, reduced at low temperature is higher than the activity of
very small Pd particles prepared by SEA on SiO, (Pd-SiO,-
SEA(9)). From this, we infer that low-temperature reduction
of PA@NiO(3)-SiO, results in small metallic Pd clusters with
a high activity in cinnamaldehyde hydrogenation, which is
comparable to the activity of Pd@SiO,-SEA(9) after reduction
at higher temperatures. The product distribution of
cinnamaldehyde hydrogenation of these samples is very
similar, indicating that the same type of Pd surface site is
involved. The composition of the product mixtures indicates
the formation of Pd particles smaller than 3 nm, which aligns
with the characterization data. The higher activity of the NiO-
supported Pd phase can therefore be reasonably attributed to
the low temperature at which PdO can be reduced to Pd
metal. Reduction at low temperatures is beneficial, as
sintering of reduced Pd atoms is suppressed. Reducing
Pd@NiO(3)-SiO, at temperatures above 200 °C decreases the
catalytic activity, which coincides with the onset of NiO
reduction to Ni. Therefore, the decreasing activity with
increasing reduction temperature can be attributed to the
formation of PdNi alloy, although further sintering of Pd can
also play a role.

Conclusions

A substrate-specific SEA method was used to selectively place
Pd on either NiO or SiO, of a NiO-SiO, catalyst prepared by
IWIL. Unlike Pd/SiO,, which requires high-temperature
reduction to achieve high activity in cinnamaldehyde
hydrogenation, PdO placed on NiO could be reduced close to
room temperature, achieving a better Pd dispersion and a
significantly higher activity than Pd-SiO,. Quasi-in situ XPS
and CO IR spectroscopy showed the much easier reduction of
PdO supported on NiO than PdO supported on SiO,. The
conversion of PdO to Pd at lower temperatures results in a
higher Pd dispersion as confirmed by H,-chemisorption
measurements. Reducing the PA@NiO-SiO, catalyst at a too
high temperature led to a strong decrease of the activity due
to formation of PdNi alloy.
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