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Introduction

Chemical activation of atom-precise Pds
nanoclusters on y-Al,Oz supports for transfer
hydrogenation reactions+t

Siddhant Singh,? Dami Wi,? Kholoud E. Salem,” Drew Higgins® and
Robert W. J. Scott =) *@

Deposition of atom-precise nanoclusters onto solid supports is a promising route to synthesize model
heterogeneous catalysts. However, to enhance nanocluster-support interactions, activation of the nano-
clusters by removal of surface ligands is necessary. Thermal treatment to remove surface ligands from
supported metal nanoclusters can yield highly active heterogeneous catalysts, however, the high temp-
eratures employed can lead to poor control over the final size and speciation of the nanoclusters. As an
alternative to high-temperature thermal treatments, chemical activation of [Pds(u-Cl)(u-PPh.),(PPhz)s]*
(Pd3) nanoclusters on y-Al,Os supports under mild reaction conditions has been demonstrated in this
work. Hydride-based reducing agents such as NaBH,, LiBH,4, and LiAlH4 have been examined for the acti-
vation of the Pds nanoclusters. The structural evolution and speciation of the nanoclusters after activation
have been monitored using a combination of XAS, XPS, STEM-EDX mapping, and solid-state NMR tech-
niques. The results indicate that treatment with borohydride reducing agents successfully removed
surface phosphine and chloride ligands, and the extent of size growth of the nanoclusters during acti-
vation is directly correlated with the amount of borohydride used. Borate side products remain on the
v-AlO3 surface after activation; moreover, exposure to high amounts of NaBH,4 resulted in the incorpor-
ation of B atoms inside the lattice of the activated Pd nanoclusters. LiAlH,4 treatment, on the other hand,
led to no significant size growth of the nanoclusters and resulted in a mixture of Pd single-atom sites and
activated nanoclusters on the y-Al,O3 surface. Finally, the catalytic potential of the activated nanoclusters
has been tested in the transfer hydrogenation of trans-cinnamaldehyde, using sodium formate/formic
acid as the hydrogen donor. The catalytic results showed that smaller Pd nanoclusters are much more
selective for hydrogenating trans-cinnamaldehyde to hydrocinnamaldehyde, but overall have lower
activity compared to larger Pd nanoparticles. Overall, this study showcases chemical activation routes as
an alternative to traditional thermal activation routes for activating supported nanoclusters by offering
improved speciation and size control.

of surface atoms.*”> One common strategy to obtain solid-sup-
ported NCs is the deposition of pre-synthesized ligand-pro-

Solid-supported nanoclusters (NCs) of Pd are highly selective
and active catalysts for essential catalytic processes such as the
selective hydrogenation of alkynes (e.g., acetylene), CO oxi-
dation, C-C coupling, and dehydrogenation reactions.® The
high catalytic selectivity and activity of NCs can be attributed
to their large surface area and the size-dependent arrangement
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tected atom-precise NCs onto a support material followed by
activation (i.e., removal of surface ligands).>”® Bottom-up,
surface ligand-assisted synthetic approaches have enabled
structural control over atom-precise NCs which contain well-
defined metal cores with surface ligands coating the metal
core.’ However, upon immobilization of NCs on solid supports
(i.e., solid-supported NCs) for heterogeneous catalytic pro-
cesses, their surface ligands can prevent strong support-NC
interactions and also act as a barrier for substrates to access
catalytically active metal surfaces during catalytic processes.*"°
Therefore, atom-precise NCs are first deposited on a suitable
solid support followed by removing the surface ligands from
the NCs in a subsequent activation step.”®'® A central ques-
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tion in the field is how to effectively remove the ligands from
the surface of pre-fabricated NCs with minimum distortion in
the structure and size of the NCs.'%™*?

[Pds(p-Cl)(1-PPh,),(PPh3);]" (abbreviated hereafter as Pds)
NCs have shown promising catalytic activity and selectivity in
cross-coupling reactions when used without immobilization
on solid supports.’>'* However, a recent study by Fairlamb
and coworkers suggested that non-immobilized Pd; NCs are
less stable during cross-coupling reactions compared to resin-
immobilized Pd; NCs.® Yun et al. demonstrated that non-
immobilized Pd; NCs are almost inactive catalysts for the oxi-
dation of benzyl alcohol, however, upon immobilizing the Pd;
NCs on titanate nanotubes, a remarkable increase in their
activity was observed due to metal-support interactions.'®
These studies suggest that immobilizing Pd; NCs onto solid
supports not only stabilizes the NCs but can also significantly
enhance their catalytic potential.>'® Our group previously
reported the immobilization of Pd; NCs onto activated carbon
supports for hydrogenation and cross-coupling reactions, and
found that Pd; NCs adsorbed on activated carbon supports do
not behave as true heterogeneous catalysts, as intact Pd; NCs
leached into the reaction mixture during cross-coupling reac-
tions.'® Thus the presence of phosphine ligands on the Pdj
NCs hindered strong interactions between NCs and the
support. However, thermal activation of Pd; NCs in the air led
to the complete removal of surface ligands, resulting in cata-
lysts that exhibited true heterogeneous behavior.'® While the
thermal activation of NCs is a straightforward strategy, draw-
backs associated with this strategy include uncontrolled sinter-
ing of NCs to larger nanoparticles (NPs), particularly at higher
activation temperatures.'®° Additionally, many metals,
including Pd, tend to oxidize and form metal oxides at moder-
ate temperatures of thermal activation.'®?° Therefore due to
the poor speciation and morphology control over NCs during
thermal activation, the catalytic potential of the NCs can be
adversely affected.'®'®

An alternative method to activate NCs is through chemical
activation, where ligands are removed from the surface of the
NCs following chemical treatment.'®*' One of the most prom-
ising strategies for chemically activating NCs involves treating
them with reducing agents.'® This process includes the
reduction of surface ligands, which are subsequently removed
as free ligands.'® Collins et al. have shown a comparison
between the thermal and reductive chemical activation of oley-
lamine, dodecanethiol, and polyvinylpyrrolidone-stabilized Pd
NPs.?? They found that the chemical activation of Pd NPs
using NaBH, was less effective in completely removing strongly
binding ligands such as dodecanethiol from the surfaces of
NPs than thermal activation routes.>* However, the chemically
activated NPs were found to be more catalytically active in
cross-coupling reactions compared to both non-activated and
thermally activated NPs.>* Several groups, including our own,
have previously shown that thiolate monolayer-protected Au
NCs can be reductively activated in the presence of excessive
borohydride reducing agents, and the post-activation size
growth of NCs directly depends upon both the concentrations
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and strength of reducing agents used for the activation.**
For example, the activation of y-Al,O5-supported Au,5(SCgHo)1g
NCs with an excess of NaBH, led to the partial removal of thio-
lates from the Au NCs and resulted in minimal size growth of
Au NCs.*® Zhang and co-workers noted that hydrides exhibit a
higher binding affinity to the surface of Au compared to orga-
nothiolate ligands, and consequently, an excess of hydride
species can displace surface ligands from precious metals.>®
To the best of our knowledge, reductive chemical routes
toward the activation of Pd NCs have not yet been explored
and require further investigation. Chemical activation path-
ways have the potential to act as an efficient way to activate Pd
NCs while avoiding the sintering and oxidation of Pd NCs seen
during thermal activation in air.®

In this study, the chemical activation of y-Al,Oz-supported
atomically precise Pd; NCs using hydride-based reducing
agents ie., NaBH,, LiBH,, and LiAlH,, has been investigated.
Various loadings of these reducing agents were examined to
explore their impact on the activation process and subsequent
structural changes of the NCs. The findings from this work
indicate that all the selected reducing agents effectively
removed phosphine and chloride ligands from the Pd; NC sur-
faces. In the case of NaBH, and LiBH,, ligand removal was
accompanied by very mild post-activation growth of the Pd;
NCs at lower reducing agent amounts, while higher amounts
of NaBH, during activation promoted the transformation of
Pd; NCs into larger Pd NPs and led to the incorporation of B
into the NPs. In contrast, LiAlH, treatment removed ligands
from the Pd; NCs without any noticeable size growth, facilitat-
ing the formation of a mix of activated NCs and single-atom
Pd sites on the y-Al,O; surface. The structural evolution of Pd;
NCs during activation directly impacted the catalytic activity of
the NCs, as demonstrated in their use as catalysts for the trans-
fer hydrogenation of trans-cinnamaldehyde using sodium
formate as the hydrogen donor. Smaller NCs exhibited high
selectivity for hydrocinnamaldehyde formation, albeit with
lower activity compared to larger Pd NPs. This work demon-
strates the facile removal of phosphine and chloride ligands
from Pd; NC surfaces via chemical means, highlighting how
the choice and amount of the reducing agent used can lead to
distinct structural transformations during activation.

Results and discussion

The synthesis, purification, and characterization of Pd; NCs
were carried out following protocols established in the litera-
ture and our previous work."®*” Upon immobilization of the
Pd; NCs on the surface of y-Al,O;, the resulting composite
has been denoted as Pd;/Al,O;. Elemental analysis of the Pd;/
Al,O3; by atomic absorption spectroscopy showed a 0.5 wt%
loading of the Pd on the y-Al,O; support. For chemical acti-
vations, three amounts of NaBH,, LiBH,, and LiAlH, have
been used (as shown in Table S1t). Based on the reducing
agents and their concentrations, the activated samples
have been labelled as Pd/Al,0;-RA(x) (where RA is the used
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reducing agent) (ie., NaBH,, LiBH, or LiAlH,) and x is
the molar equivalents of the reducing agent used with
respect to the Pd (labelled A, B, or C (Table S1t)). For the
NaBH, reducing agent, 300 (A), 600 (B), or 1200 (C) mole
equivalents were used for activation. Meanwhile, for LiBH,
and LiAlH, reducing agents, 10 (A), 50 (B), and 100 (C) mole
equivalents of the reducing agent were used for activation. The
amounts of NaBH, used were larger because our previous
work demonstrated that higher concentrations of aqueous
NaBH, were necessary to activate thiolate-protected Au NCs
compared to LiBH,.>

To investigate the speciation and bonding environment of
the NCs after chemical activation, XAS analysis has been per-
formed. Pd K edge XANES spectra of all the activated samples
have been provided in Fig. 1(a-c), along with Pd, PdO, and Pd
(OH), standards. Upon treatment with reducing agents, small
changes in the shape of the white lines compared to the initial
Pd;/Al,0; were observed. These changes indicate a modifi-
cation in the speciation and coordination environment of the
supported Pd NCs due to activation. In the case of Pd;/Al,05—
NaBH,(A) and Pd3/Al,0;-LiAlH,(A/B/C), the feature above the
white line appeared slightly more intense compared to Pdj/
AL, O3, suggesting an increase in Pd(u) species. In contrast, the
intensity of the sharp feature above the white line in the
remaining NaBH, (Pd;/Al,0;-NaBH,(B/C)) and LiBH, (Pda/
AlL,O;-LiBH,(A/B/C)) treated samples were found to be rela-
tively lower, suggesting more Pd in the zerovalent state.
However, the small XANES changes observed at the edge after
activation suggest that XANES data does not offer detailed
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insights into the speciation changes within these systems. In
contrast, changes detected by EXAFS (discussed below) are
more informative.

To investigate the coordination environment of the acti-
vated Pd; NCs, EXAFS analysis at the Pd K edge was per-
formed. The Fourier-transformed (FT) EXAFS spectra of acti-
vated samples along with the spectra of Pd;/Al,O; are provided
in Fig. 1(d-f). In the spectra of Pd;/Al,03;, a broad peak at
around 1.6-1.8 A can be seen due to the Pd-P and Pd-Cl inter-
actions of the Pd core with the phosphine and chloride
ligands. The small feature at around 2.7 A can be assigned to
Pd-Pd bonding in the triangular metal core of Pd; NCs.
Notably, the Pd-Pd bond distance in Pd3/Al,0; was found to
be slightly longer than that in fcc Pd, which is also the case in
the reported single-crystal structure of Pd; NCs.>” In the
EXAFS spectra of all the activated NCs, an intense peak can be
observed at 1.5 A, which is shifted to the left in comparison
to the Pd-P and Pd-Cl peak of the non-activated Pd;/Al,O; (at
1.6-1.8 A). This suggests a complete removal of phosphines
and chloride surface ligands from the metal core of the
Pd; NCs upon activation; the peak at 1.5 A in the Pd K edge
EXAFS spectra is likely indicative of new Pd-O interaction.
The appearance of this peak in activated samples indicates
the interaction of Pd NCs with the basic surface oxygen sites
of y-Al,O; after the removal of surface ligands from the Pd;
NCs.

In the case of Pds/Al,0;-NaBH,4(A), the peak pertaining to
the Pd-Pd interaction (originally at 2.7 A) became less promi-
nent in comparison to the Pd-Pd peak of Pd3/Al,0O;. This is

Pd(OH) Pd(OH) Pd(OH)
(a) 2 (b) . (c) .
oy 2 £
° Pd foil ‘@ @ Pd foil
3 R1,0,-NaBH {C g POFA0,LiBH,C) g A1,0,-LIATF,(C
£ PdJAI,O,-NaBH ,(B = Pda/Al,O4-LiBH4(B £ Pd,/A1LO,-LIAIH (B
) Pd,/ALO,-NaBH ,(A E Pd/ALO.-LIBH (A g Pd,/ALO.-LIAH (A
N - -
= Pd./Al,O,] = Pd/Al,O,] = Pd./Al,0
El £ E
5 5] S
= = =
24330 24360 24390 24420 24450 24330 24360 24390 24420 24450 24330 24360 24390 24420 24450
E(eV) E(eV) E(eV)
(d) Pda/Alp0O3-NaBH4(C) (e) (f)
Pd3/Alp03-LiBH4(C)
Pdy/Al;05-NaBH4(B) - . Pd3/Al203-LiAIH4(C)
& < Pd3/Al03-LiBH4(B) & ‘
<: = = Pd3/Aly O3-LiAIH4(B)
e 3 ) x
X Pd/AlyO3-NaBH4(A) Pd3/Al203-LiBH4(A) x Pda/AlpO3-LiAIHA(A)
Pd3/AloO3 Pda/Alp03 Pd3/AlpO3
0 6 0 1 2 4 5 6 0

3
R(A)

3
R(A)

3
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Fig. 1 Pd K-edge XANES spectra of the Pds/Al,Oz activated via treatment with different amounts of (a) NaBH,, (b) LiBH4 and (c) LiAlH4 along with
some standards. Pd K-edge Fourier transformed EXAFS spectra in R-space for Pds/Al,O3 activated via treatment with different amounts of (d)
NaBHy,, (e) LiBH4 and (f) LiAlH4. All EXAFS spectra are shown without phase shift corrections.
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likely due to the partial collapse of the triangular core of the
Pd; NCs after the removal of surface ligands. Similar behav-
iour was previously observed with the carbon-supported Pd;
NCs during their mild thermal activation at 150 °C."® With the
use of higher amounts of NaBH, (i.e., Pd;/Al,0;-NaBH,(B/C))
for activation, the peak for the Pd-Pd interactions around
2.6 A became higher in intensity than seen for un-activated
Pd;/Al,03, indicating an increase in the size of the Pd NCs
during the activation. Meanwhile, the intensity of the Pd-O
peak at around 1.5 A in the spectra of Pd;/Al,0;-NaBH,(B/C)
became lower in intensity compared to the corresponding Pd,/
Al,O;-NaBH,4(A). This implies the reduction in the Pd-O inter-
action between Pd and the support due to the growth in the
size of the Pd NPs. Furthermore, the peak shapes in the
1.5-2.0 A region in the FT EXAFS spectra of the Pd;/Al,05-
NaBH,(B/C) samples differ significantly from those observed
in the Pd;/Al,0;-NaBH,4(A) sample. However, confirming
whether this change in peak shape is attributable to the pres-
ence of a second scatterer cannot be achieved by solely examin-
ing the FT EXAFS spectra. To further investigate the possibility
of the presence of a second weak scatterer, wavelet trans-
formed (WT) EXAFS spectra were generated.”® In the WT
EXAFS spectra of Pd;/Al,0;-NaBH,(A), a single peak can be
seen at R ~ 1.5 A (Fig. S1(c and d)f) across all the k range,
which reflects the presence of a single scatter i.e., O of the
y-Al,O; support. However, in the cases of Pd;/Al,05-
NaBH,(B/C), significantly intense peaks around R ~ 2.6 A from
Pd-Pd interactions can be seen in the WT EXAFS data (Fig. S1
(e and g)t). Furthermore, in the region between R-values of 1.5
to 2.0 A in the FT EXAFS spectra, two distinct peaks can be
observed in different k-regions (0.5 to 8.5 and 8.5 to 12 A™") of
the WT EXAFS spectra, suggesting the probable existence of
two scattering atoms (Fig. S1(f and h)t). Based on STEM-EDX
mapping, solid-state NMR, and XPS analyses indicating the
presence of B (with the B source being the borohydride-redu-
cing agent) in these samples (vide infra), it is likely that the
two scatterers are O and B.

In the FT EXAFS spectra of LiBH,-treated samples (Pds/
Al O;-LiBH,(A/B/C)) (Fig. 1e), the peaks of Pd-Pd interaction
around 2.6 A appeared to be higher in the intensity in com-
parison to Pd;/Al,03, reflecting a growth in the size of the Pd;
NCs upon activation. The growth in the Pd-Pd peak became
larger with an increase in the amount of LiBH, for activation
(shown in Fig. 1e) suggesting the formation of larger Pd NCs
with higher amounts of LiBH,. All the WT EXAFS spectra of
the LiBH,-activated NCs (ie.,, Pds/Al,05;-LiBH,4(A/B/C))
(Fig. S21) showed the presence of a single scatter for the first
peak of the FT EXAFS around R ~ 1.5 A. This affirms that Pd
atoms in these systems are attached only to the O atoms of the
surface of y-Al,O; after the activation, and no secondary scat-
terers are present. Moreover, another peak for the Pd-Pd inter-
actions at around R ~ 2.6 A in the WT EXAFS spectra can also
be seen, which became more prominent with a further
increase in the amount of the reducing agent. Finally, for Pd;/
Al,O;-LiAlH4(A/B/C) (Fig. 1f), the FT EXAFS spectra showed
that the peak corresponding to Pd-Pd interactions at 2.6-2.7 A
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is nearly completely absent. This indicates that the triangular
metal core of Pd; NCs has been broken after activation using
LiAlH, without any significant size growth. Similar to the
LiBH, treated samples, the LiAlH, treated samples have shown
the presence of only one scatterer for the first peak at R ~ 1.5 A
in the WT EXAFS spectra (Fig. S371), indicating the presence of
Pd-O interactions. In addition, a very weak peak can be seen at
around R ~ 2.6 A for the Pd-Pd bonds.

EXAFS data modelling for these samples have been per-
formed to get further insight into the structural evolution of
the Pd; NCs upon activation. The k-space EXAFS fits for Pd;/
Al,O; activated via different NaBH,, LiBH,, and LiAlH,
amounts are shown in Fig. S4-S6,T respectively. The corres-
ponding fitting parameters from the EXAFS fits can be found
in Table 1. The fitting of the non-activated Pd;/Al,O; sample
was carried out using Pd-P, Pd-Cl, and Pd-Pd interactions
based on the structure of [Pd;(p-Cl)(1-PPh,),(PPh;);]".>” EXAFS
fitting of the Pd;/Al,O; data provided coordination number
(CN) values of 2.9 + 0.3, 0.7 + 0.3, and 1.8 + 0.1 for Pd-P, Pd-
Cl, and Pd-Pd bonds, respectively, which is quite consistent
with the crystal structure of Pd; NCs.”” The fitting of Pds/
Al,0;-NaBH,(A) suggested the presence of Pd-O contributions
at a bond distance of 2.009 + 0.001 A with a CN value of 3.3 +
0.1, likely due to metal-support interactions. Compared to
Pd;/Al,03, a drop in the CN of Pd-Pd for this sample can be
due to the distortion in the triangular core of the Pd; NCs
upon activation. Since the WT EXAFS spectra of Pds/Al,O3—
NaBH,(B) and Pd;/Al,0;-NaBH,4(C) (Fig. S1t) indicated the
presence of two scatterers in the first coordination shell of Pd,
and solid-state NMR and XPS also confirmed the presence of B
in these two samples (vide infra), a Pd-B model has been
chosen for fitting along with the Pd-O model for the peak
present at R ~ 1.5 A in the FT EXAFS of these two samples. B
atoms are small enough to be intercalated inside the intersti-
tial sites of the Pd fcc lattice.>*" In the literature, the use of
borohydride reducing agents such as (CHj),NH-BHj,*°
NaBH,,*° and C4HgO-BH;*' during the synthesis of Pd NPs
has been reported to show the incorporation of B in the lattice
of Pd NPs. Chen and co-workers have found that the B content
in the Pd lattice can be directly correlated with the concen-
tration of NaBH, used during the synthesis of Pd NPs.>* From
the EXAFS modelling, the CNs for Pd-O, Pd-B, and Pd-Pd
interactions in Pd;/Al,0;-NaBH,4(B) were 2.8 + 0.1, 2.3 + 0.6,
and 2.4 + 0.3, respectively. Bond lengths for the new Pd-B
interactions were fitted at 1.87(3) A and 1.98(2) A, respectively,
for the Pd;/Al,0;-NaBH,(B) and Pd;/Al,0;-NaBH,(C) samples.
These Pd-B bond lengths are consistent with Pd-B bond
lengths seen for PdB, solid-state solutions, molecular com-
plexes, and B-doped Pd NPs in the literature (ca.
1.9-2.2 A).*** In Pd;/Al,05,-NaBH,(C), the fitted CN values
for Pd-B (3.3 + 0.1) and Pd-Pd (4.0 + 0.5) interactions are
slightly higher than in the previous sample, while the CN for
Pd-O has decreased significantly to 1.4 + 0.3. This implies that
as the amount of NaBH, used for activation increased, the size
of the final Pd NPs also increased, along with the incorpor-
ation of B in the lattice of Pd NPs. The decrease in Pd-O inter-
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Table 1 EXAFS fitting parameters of Pdz/Al,Oz samples at the Pd K edge upon activation

Catalyst Component CN R(A) o? /A E, shift (ev) R-factor

Pd;/AL,0; pd-P 2.9 (3) 2.250 (2) 0.0063 (1) 1.1(2) 0.019
Pd-Cl 0.7 (3) 2.312 (3) 0.0058 (3)
Pd-Pd 1.8 (1) 2.98 (1) 0.0101 (5)

Pd;/AlLLO;-NaBH,(A) Pd-O 3.3(1) 2.009 (1) 0.0028 (2) 5.3(2) 0.004
Pd-Pd 1.1(1) 2.65 (1) 0.010 (2)

Pd;/Al,05-NaBH,(B) Pd-O 2.8(1) 1.99 (1) 0.0043 (2) 9.2 (7) 0.003
Pd-B 2.3 (6) 1.87 (3) 0.005 (4)
Pd-Pd 2.4 (3) 2.762 (7) 0.010 (1)

Pd;/Al,0;-NaBH,(C) Pd-O 1.4 (3) 2.01 (3) 0.0048 (2) 9.6 (5) 0.014
Pd-B 3.3(1) 1.98 (2) 0.006 (2)
Pd-Pd 4.0 (5) 2.781 (3) 0.009 (3)

Pd;/ALO;-LiBH,(A) Pd-O 2.3(1) 2.014 (4) 0.0021 (6) 2.4 (8) 0.016
Pd-Pd 2.0 (5) 2.74 (1) 0.012 (9)

Pd;/Al,05-LiBH,(B) Pd-O 2.7 (1) 2.006 (2) 0.0022 (3) -2.5(2) 0.007
Pd-Pd 2.3(1) 2.727 (4) 0.0075 (4)

Pd;/ALO;-LiBH,(C) Pd-O 2.4 (1) 2.000 (3) 0.0027 (5) 3.2(3) 0.012
Pd-Pd 2.5 (1) 2.725 (5) 0.0073 (6)

Pd;/AlLO;-LiAlH,(A) Pd-O 2.5 (1) 2.017 (3) 0.0025 (5) 4.7 (4) 0.017
Pd-Pd 0.5 (2) 2.68 (3) 0.011 (4)

Pd;/AlLO;-LiAlH,(B) Pd-O 2.8 (1) 2.008 (3) 0.0024 (4) 4.6 (4) 0.019
Pd-Pd 0.6 (1) 2.69 (2) 0.007 (2)

Pd;/AL05-LiAIH,(C) Pd-O 2.5 (1) 2.013 (2) 0.0024 (3) 4.1 (4) 0.022
Pd-Pd 0.5 (1) 2.69 (2) 0.008 (2)

actions can be attributed to reduced metal-support inter-
actions as the size of the supported NPs increased.

For the LiBH,-activated samples (Pds/Al,05-LiBH4(A/B/C)),
the CN for the Pd-O interaction was in the 2.3-2.7 range for
the three samples, while the CN for Pd-Pd interactions was 2.0
+ 0.5, 2.3 + 0.1, and 2.5 = 0.1 for Pd;/Al,0;-LiBH,(A), Pd,/
Al,O05-LiBH,(B), and Pd3/Al,05-LiBH,(C), respectively. This
suggests a very slight growth of NCs after LiBH, treatment.
Similar to LiBHj-activated samples, the CN of Pd-O in
samples activated by LiAlH, (Pd;/Al,O3-LiAlH,(A/B/C)) was
found to be around 2.5-2.8 for the three samples. However,
the Pd-Pd interactions showed a significantly lower CN of
approximately 0.5 in the fitting of these samples. This indi-
cates a substantial disruption of Pd-Pd bonds in the triangular
metal core of Pd; NCs upon LiAlH, activation. This is consist-
ent with the possibility of a mixture of Pd NCs and single-atom
sites in the LiAlH4-activated samples. Unlike the NaBH, and
LiBH,-treated samples, no correlation between the loadings of
the reducing agent and the resulting Pd-Pd CN of the activated
NCs has been observed in the case of samples activated via
LiAlH,. Overall, the XAS results showed that all the reducing
agents can activate Pd; NCs by removing phosphine and chlor-
ide ligands from their surfaces. After activation, the Pd atoms
interact with oxygen atoms on the surface of y-Al,0;. In the
case of NaBH, and LiBH,-activated samples, the structure and
morphology of the NCs upon activation depend on the
amount of reducing agent used.

XPS analysis was conducted on activated Pd;/Al,0; samples
to investigate the speciation of Pd and validate the presence of
B atoms in the samples. The Pd 3d region of XPS spectra for
Pd;/Al, 03, Pd;/Al,05;-NaBH,(A/B/C), and Pd;/AlL,O5—
LiAlH,(A/B/C), along with the Cl 2p, B 1s, and P 2s regions of
Pd;/Al,0;-NaBH,(A/B/C) have been shown in Fig. 2. The Pd 3d

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) XPS Pd 3d spectra of Pds/Al,O3, XPS Pd 3d spectra of Pds/
Al,Oz catalysts treated with (b) NaBH4, and (d) LiAlH,4; black dots and
orange solid lines represent the experiment data and fit respectively; red
lines represent the 3ds,, (right) and 3ds,, (left) regions for Pd(0); blue
lines represent the 3ds,, (right) and 3ds,, (left) regions for Pd(n). (c) XPS
Cl 2p + B 1s + P 2s spectra of Pdz/Al,O3z catalysts treated with NaBHy;
black dots and orange solid lines represent the experiment data and fit
respectively; red lines represent the 2ps, (right) and 2p,,, (left) regions
for the first Cl component; blue lines represent the 2ps,, (right) and
2p1/2 (left) regions for the second Cl component; purple lines represent
the P 2s region and pink lines represent the B 1s region.

XPS spectra of the Pd;/Al,0; showed peaks corresponding to
two components of Pd, with 3ds, peaks at approximately
336.1 and 338.0 eV and an area ratio close to 1:2, consistent
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with XPS results reported in the literature (Fig. 2a).'® In the
case of the samples activated using NaBH, (Pd;/Al,O5-
NaBH,(A/B/C)), two species of Pd can be seen in the XPS
spectra ie., Pd(0) and Pd(u) with Pd 3ds, peaks at around
335.3 and 337.2 eV respectively (Fig. 2b). The fraction of Pd(0)
relative to Pd(u) can be seen increasing with the amount of
NaBH, used for the activation progressing from Pd3/Al,O3-
NaBH,(A) to Pd;/Al,0;-NaBH,4(C), which can be due to
reduction of Pd(u) to Pd(0) upon exposure to NaBH,. For Pd3/
Al,0;-NaBH,4(C), the XPS spectra only showed Pd(0), with the
Pd(u) fraction completely absent. This observation is consist-
ent with the XAS analysis, which indicated that the size of the
Pd NPs increased at higher NaBH, loadings, while the inter-
action of Pd atoms with the O atoms of the y-Al,O; decreased.
The interaction of Pd with surface O of y-Al,O3 likely accounts
for the presence of the high-valent Pd(u) species. The absence
of high valent Pd(u) species in the XPS data for the Pds/Al,0;-
NaBH,(C) sample may be due to the presence of buried Pd-O
interfaces for the larger Pd NPs (as EXAFS data shows a Pd-O
CN of 1.4(3) for this sample).

While Pd-P and Pd-Cl interactions were not present in the
EXAFS spectra of the Pd;/Al,0;-NaBH,4(A/B/C), in the XPS ana-
lysis, peaks for phosphine and chloride species can be
observed for these samples (Fig. 2c). Most likely, these ligands
were adsorbed onto the surface of y-Al,O; after being removed
from the metal core of Pd; NCs during the activation. In the
literature, thiolate-protected Au,s(SR);3 and Ag,s(SR);s NCs
have been reported to exhibit similar behavior during thermal
activation on a solid support.'®*> A very weak feature in the CI
2p region of Pd;/Al,0;-NaBH,4(A) can be seen with the Cl 2p3,
peak at 198.3 eV. With further increase in the concentration of
the NaBH, for the activation i.e., Pd;/Al,05-NaBH,(B/C), peaks
for two distinct components of Cl can be observed with Cl
2ps/2 peak position at 197.6 and 200.0 eV. The peak at around
197.6 eV can be assigned to NaCl and the peak at around 200.0
eV is likely due to the interaction between Al and CL*®*7 A
strong P 2s signal in the samples can be seen at ca. 190 eV.
The B 1s region in the XPS is very close to the P 2s region. In
the case of Pd;/Al,05;-NaBH,(A/B/C), a B 1s component in the
XPS spectra at around 192.3 eV (Fig. 2c) has been fitted. The
hydrolysis of NaBH, typically produces borates as side pro-
ducts,®® and the location of the B 1s peak in the spectra of the
activated samples is close to that of the reported shift of
sodium tetraborate (i.e., 192.6 €V).>® Therefore this peak can
be assigned to tetraborate side products adsorbed on the
v-Al,O3 support. The relative peak area of this 192.3 eV B 1s
peak increased with higher amounts of NaBH, used for acti-
vation. This suggests that higher amounts of the reducing
agent resulted in greater adsorption of tetraborate species on
the surface of the y-Al,O;. While XAS studies indicated that B
also begins to intercalate into Pd NPs at large NaBH, excesses,
a separate B 1s peak for this species can not be assigned,
which is likely due to overlap with the large P 2s signal present
at 190 eVv.

Similar to Pd;/Al,0;-NaBH,(A/B), the Pd 3d XPS spectrum
of Pds/Al,0;-LiBH,(B) (Fig. S7at) showed the presence of two
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Pd components with Pd 3ds/, peaks at 335.3 eV for Pd(0) and
337.1 eV for Pd(u). The peak area for the Pd(u) component was
found to be slightly lower than that of Pd(0). Conversely, in the
case of the LiAlH,-treated samples i.e., Pd3/Al,03-LiAIH,(A/B/
C), the peak area for the Pd(u) component has been found
higher than that of Pd(0), indicating that much of the Pd is
present in a higher-valent state after activation (Fig. 2d).
Moreover, the relative peak areas of Pd 3d regions for Pd;/
Al,05-LiAlH,(A/B/C) did not vary much from each other,
suggesting identical speciation of Pd, which is consistent with
EXAFS analysis. The Al 2p XPS spectra for the Pd;/Al,O;-
NaBH,(A/B/C) and Pd;/Al,0;-LiAlH4(A/B/C) are shown in
Fig. S7b and S7c,} respectively. The peak in the Al 2p region at
approximately 74.1 eV is consistent with the reported binding
energy value of y-Al,0;.>° The Al 2p region did not show the
appearance of any new peaks after treatment with the reducing
agents, suggesting that the surface y-Al,0; remained
unchanged during the reducing agent treatments.

To validate the presence of adsorbed side products of B in
the NaBH,-and LiBH-activated samples, solid-state ''B magic
angle spinning (MAS) NMR analysis was performed on Pd,/
Al,0;-NaBH,4(A/B/C) and Pd;/Al,0;-LiBH,4(B) samples (Fig. 3).
The "B MAS NMR spectra of all the activated NCs showed
three peaks at 15.6, 10.5, and 1.3 ppm. The positions and
shapes of these peaks are in good agreement with those of
sodium tetraborate reported in the literature.”® This indicates
that during the activation of Pd; NCs, NaBH, and LiBH,
formed tetraborate (or related species) as a side product and
remained adsorbed onto the y-Al,O; surface even after several
washing cycles. Similar peaks were seen for a control sample
in which y-Al,0; was treated with NaBH, in the absence of Pd;
NCs (Fig. 3a). For the Pds/Al,0;-NaBH,(B) sample, a new
small peak was found around 5.8-5.9 ppm in 'B MAS NMR,
which increased in intensity further for the Pd;/Al,03-
NaBH,(C) sample. Chan et al. reported a similar shift for the
peaks of intercalated or surface B in fcc Pd.*' Therefore, the
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Fig. 3 B MAS NMR of (a) Al,Os—NaBH,4(C) control, (b) Pds/Al,Oz—
NaBH4(A), (c) Pds/Al,03—NaBH4(B), (d) Pds/Al,O3—NaBH4(C) and (e) Pds/
Al,O3—LiBH4(B).
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peak at 5.9 ppm in ''B MAS NMR was attributed to the interca-
lated B atoms inside the Pd lattice, which is consistent with
EXAFS data showing Pd-B interactions in these samples.
However, the new peak for intercalated B was not seen for the
LiBH,-treated samples, showing that there was no B incorpor-
ation in the Pd NCs, likely because of the smaller concen-
trations of LiBH, used for the activation compared to NaBH,.
These results are consistent with the absence of a Pd-B inter-
action in the EXAFS data for the LiBH,-activated samples.
Finally, >'P MAS NMR of these samples also indicated the com-
plete removal of phosphine ligands from the Pd; NCs,
however, peaks for remaining phosphine impurities on the
surface of the y-Al,O; after activation were present (Fig. S81).
HAADF-STEM analyses of the activated samples were per-
formed to investigate the size, shape, and distribution of the
NCs upon activation (Fig. 4). The Pd; NCs appeared to be well-
dispersed on the surface of the y-Al,O; (Fig. 4a), with an
average NC size of 0.9 + 0.3 nm. Upon activation with low
amounts of NaBH,, the average NC size was 0.8 + 0.4 nm for
Pd;/Al,0;-NaBH,(A) (Fig. 4b). In contrast, for Pd;/Al,0;-
NaBH,(B), an increase in Pd particle size was observed after
activation, and Pd NPs with an average size of 3.4 + 0.8 nm are
apparent in both HR-TEM (Fig. S9at) and HAADF-STEM
(Fig. 4c) images. The HAADF-STEM image of Pd;/Al,05-
LiBH,4(A) revealed the formation of NCs with an average size of
1.7 £ 0.5 nm (Fig. 4d), while activation with a higher concen-
tration of LiBH, in Pd;/Al,0;-LiBH4(B) resulted in slightly
larger NCs (2.5 + 0.6 nm) (Fig. S9bf and Fig. 4e). In the
HAADF-STEM images of Pd;/Al,0;-LiAlH,(A) (Fig. 4f) and Pd,/
AlL,O;-LiAlH,(B) (Fig. S101), Pd NCs with average sizes of
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approximately 1.1 + 0.5 nm and 1.5 + 0.4 nm are apparent.
However, it should be noted that the EXAFS fitting revealed a
very low Pd-Pd CN of around 0.5 for these samples, which
would suggest that the sample contains both NCs and single-
atom sites y-Al,O3 surface, the latter of which could not be
imaged.

To visualize the dispersion of the Pd particles and borates
on the y-Al,O3 support, STEM-EDX elemental mapping ana-
lysis of the activated samples was performed. STEM-EDX
images of Pd;/Al,0;-NaBH,4(A) (Fig. S11f) showed a hom-
ogenous distribution of Pd over the surface of the y-Al,0;
support. In the case of Pd;/Al,0;-NaBH,(B), some larger Pd
particles can be observed on the y-Al,O; support in the
STEM-EDX images (Fig. S121). However, in both of these cases
(i.e., for Pd;/Al,0;-NaBH,4(A/B)), the B density did not seem to
be localized near the position of Pd (Fig. S11 and S12%). In the
case of Pd3/Al,0;-NaBH,(B), the atomic fraction of B in the
provided STEM-EDX image was found to be around 0.23%
(Table S2}). We believe the large amount of borates still
present on the y-Al,O; support makes it very difficult to visual-
ize small amounts of B incorporated into the Pd NPs (as evi-
dence by EXAFS and NMR). For Pd;/Al,0;-LiBH,(B), the
STEM-EDX maps (Fig. S131) indicated the random distribution
of large Pd NCs with an average size of around 2.6 nm on the
y-Al,O; surface. However, no B signal was detected from this
LiBH,-treated sample, likely due to the low concentration of
tetraborate species on the y-Al,O; support (Table S2t). In the
case of Pds/Al,0;-LiAlH,(B), the STEM-EDX maps (Fig. S147)
showed a fairly homogeneous distribution of Pd over the
y-Al, 03 surface with a 0.35% Pd loading (Table S21).

(b)

Fig. 4 HAADF-STEM images of (a) Pds/Al,O3 (avg. Pd size: 0.9 + 0.3 nm), (b) Pds/Al,O3—NaBH4(A) (avg. Pd size: 0.8 + 0.4 nm), (c) Pdz/Al,Oz—
NaBH4(B) (avg. Pd size: 3.4 + 0.8 nm), (d) Pds/Al,Os—LiBH,4(A) (avg. Pd size: 1.7 + 0.5 nm), (e) Pds/Al,O3—LiBH4(B) (avg. Pd size: 2.5 + 0.6 nm) and (f)

Pd3/Al,03—LiAlH4(A) (avg. Pd size: 1.1 + 0.5 nm).
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Overall, the results from the combination of the aforemen-
tioned techniques indicated that all the used reducing agents
are capable of activating the Pd; NCs on the y-Al,O; surface by
removing phosphine and chloride ligands from the NC sur-
faces. Treatment with a low amount of NaBH, in Pd;/Al,O;3-
NaBH,(A) led to the activation of Pd; NCs without noticeable
size growth, while treatment with higher amounts of NaBH, in
Pd;/Al,0;-NaBH,(A/B) resulted in the formation of larger Pd
NPs with intercalated B atoms. In the case of LiBH,-treated
samples, i.e., Pd;/Al,0;-LiBH,(A/B/C), slightly larger NCs were
formed depending on the amount used for activation, and no
intercalated B species were seen in the resulting Pd NCs.
Finally, activation with LiAlH, in Pd;/Al,0;-LiAlH, (A/B/C)
resulted in the formation of a mixture of Pd single-atom sites
and very small NCs, and the size and distribution of the Pd
particles were found to be independent of the amounts of the
LiAlH, used for the activation.

To measure the effect of activation of the Pd; NCs on their
catalytic activity, the transfer hydrogenation of an
a,p-unsaturated aldehyde, trans-cinnamaldehyde (CAL), was
performed. Selective partial hydrogenation of CAL can yield
hydrocinnamaldehyde (HCAL) or cinnamic alcohol (COL),
depending on whether the C=C or C=0 bonds are hydrogen-
ated, respectively.*' However, upon complete hydrogenation of
both C=C and C=O bonds, hydrocinnamic alcohol (HCOL)
can be obtained.*' The products of this reaction, i.e., HCAL
and COL have various applications in the pharmaceutical and
fragrance fields.”’ Thermodynamically, hydrogenation of the
C=C bond is favoured over the C=O bond due to its lower
bond energy.*> For this transfer hydrogenation reaction,
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formic acid and its formates have been selected as the hydro-
gen donors. Due to increased sustainability and cost-effective-
ness, biomass-derived hydrogen donors such as formic acid
and related formates have attracted research attention in the
field of transfer hydrogenation.** Formic acid has a very high
volumetric capacity for hydrogen storage which can be released
by either dehydrogenation or dehydration pathways.**
However, one major challenge in using formic acid in high
concentrations at the industrial level is the corrosion of the
reactors; thus, using neutralized acids (e.g., formates) instead
of formic acid is more favourable.*?

The reaction conditions for the transfer hydrogenation of
CAL were optimized by using Pd3/Al,0;-NaBH,4(A) as a model
catalyst at 70 °C for 3 hours (Table 2). The reaction was first
examined with formic acid as a hydrogen source and in the
absence of a base, which resulted in a very low conversion, i.e.,
12.2% (Table 2, entry 1). Upon adding 5 mmol of KOH to the
reaction, the conversion increased to 63.4% (Table 2, entry 2).
With a decrease in the amount of KOH from 5 mmol to
1 mmol, the conversion dropped by a factor of 2 (Table 2, entry
3). Previously, Lee et al. have shown that the decomposition of
formic acid over Pd involves the formation and interaction of
HCOO™ with the metal center followed by C-H activation via
B-hydride elimination reaction (Scheme S11).*> The use of
strong bases as the additive can make this process thermo-
dynamically more favourable as the base can facilitate the for-
mation of HCOO™ species.** Changing the solvent from MeOH
to EtOH did not have much effect on the conversion (Table 2,
entry 4). However, upon using water as a solvent, the conver-
sion dropped significantly to 28.9% (Table 2, entry 5). The

Table 2 Optimization of the reaction conditions for the transfer hydrogenation of CAL using Pdz/Al,Oz—NaBH,4(A)

l '%% H-donor

O A

CAL HCAL HCOL
Entry Hydrogen source/amount (mmol) Solvent Additive/amount (mmol) Conversion%
1 HCOOH/5 MeOH — 12.2%
2 HCOOH/5 MeOH KOH/5 63.4%
3 HCOOH/5 MeOH KOH/1 31.1%
4 HCOOH/5 EtOH KOH/5 68.3%
5 HCOOH/5 H,0 KOH/5 28.9%
6 HCOOH/5 H,O0 — 5.3%
7 HCOOH/5 H,0 NaOH/5 25.7%
8 HCOOH/5 H,0 K,CO5/5 11.4%
9* HCOOH/5 H,0 KOH/5 0%
10 HCOONa/5 H,O0 — 35.4%
11 HCOONa/5 EtOH — 62.8%
12 HCOONa/5 MeOH — 60.8%
13 HCOONa/5 Toluene — 0%
14 HCOONa/5 EtOH : HZO (1:1) — 68.7%
15 HCOONa/5 EtOH : H,0 (1:1) — 3.3%
16 HCOONa/10 EtOH : HZO (1:1) — 73.2%
17 HCOONa/1 EtOH : H,0 (1:1) — 21.0%
18 HCOONH,/5 EtOH:H,0 (1:1) — 63.9%

Reaction conditions: 1.0 mmol of CAL, 4.0 ml of solvent, 25.0 mg of Pd3/Al,0;-NaBH,4(A) (Pd mol% = 0.11%) at 70 °C for 3 hours. ¢

Reaction was

carried out at room temperature. The selectivity 