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ABSTRACT

Carbon-supported palladium (Pd/C) catalysts often display broad or multimodal Pd particle size distribu-
tions detrimental for their performance. Therefore, the formation of large particles during preparation
should be better understood and avoided. We prepared catalysts with up to 10 wt% Pd supported on
oxygen-functionalized carbon nanotubes and activated carbon via liquid-phase reduction. It was inferred
that small Pd particles (~1 nm) were formed from Pd ions adsorbed on the carbon. At higher loadings, up
to 65% of the Pd ended up in larger particles (>10 nm) probably formed from Pd ions in solution, lowering
the Pd-normalized activity in the hydrogenation of cinnamaldehyde 4-fold compared to samples with
small particles only. Three key factors were identified for preparing Pd/C catalysts with exclusively
~1 nm Pd particles: a support with a high density of acid sites and high specific surface area, and a metal
loading at molar ratio Pd/acid sites <0.5.

© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://
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creativecommons.org/licenses/by/4.0/).

1. Introduction

Metal catalysts supported on a solid support material (e.g.
Al,03, SiO,, C) are of great importance in industry [1-3]. Carbon-
supported palladium (Pd/C) catalysts are widely used for hydro-
genation reactions for the production of fine chemicals [4,5]. Like
with all supported metal catalysts, the performance of a Pd/C cat-
alyst is strongly determined by the catalyst structure. For high
activity, a high metal surface area is often desired which is accom-
plished by reducing the size of metal particles to nanometer scale
and increasing the metal loading. To prevent particle growth via
migration and coalescence and/or Ostwald ripening, the metal
nanoparticles should be uniformly distributed over the support
and have narrow particle size distributions [6,7]. However, broad
or multimodal particle size distributions are frequently observed
with carbon-supported Pd catalysts [8-16].

Catalyst preparation methods play a key role in achieving the
desired structural properties of supported catalysts [17]. For
carbon-supported metal catalysts, it has long been known that
the surface chemistry of the support strongly influences the prepa-
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ration of the supported metal catalyst [18]. Due to the high cost of
precious metals, high metal dispersions are especially important
for precious metal catalysts such as Pd/C. Higher dispersions can
be obtained by adding functional groups to the support surface,
which can act as adsorption sites for the metal precursor
[8,13,19-21]. However, to the best of our knowledge, no system-
atic study has been performed where a correlation between the
number of functional groups on the support surface, the metal
loading and the catalyst structure has been established.
Preparation of Pd/C catalysts often comprises two steps: the
metal precursor is first loaded onto a support and then reduced
[22]. It has been previously found that the reduction method is
more critical than the metal loading method [23]. Reduction in
the gas phase with H, at elevated temperatures typically leads to
uniformly distributed metal particles with a narrow size distribu-
tion [22-24]. However, upscaling the gas phase reduction of
carbon-supported catalysts is challenging and therefore perform-
ing reduction in liquid phase is highly desirable for industrial
applications. Reduction in the liquid phase, however, often causes
non-uniform distributions of the metal particles across the support
and broad particle size distributions, both for Pd/C [10,11,23] and
for Pt/C [25]. Specifically, preparation of carbon nanotubes-
supported Pd catalysts (Pd/CNT) by reduction with sodium borohy-
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dride yielded bimodal particle size distributions with particles of
~1 nm and >10 nm in size [23]. The formation of the particles lar-
ger than 10 nm was not fully understood. Similar results have been
obtained for Pt/C prepared by liquid-phase reduction by sodium
borohydride [25], where the formation of small particles was
explained by adsorption of the metal precursor and the formation
of large particles by reduction from the liquid phase by the addi-
tion of a reducing agent. It was hypothesized that a similar process
occurred during the preparation of Pd/CNT catalysts: at low Pd
loadings complete adsorption of the precursor occurs, and subse-
quent reduction by sodium borohydride leads to a unimodal parti-
cle size distribution. At higher Pd loadings, reduction of precursor
species in solution might take place, followed by precipitation of
large particles on the support.

To systematically investigate the effects of liquid phase reduc-
tion on the particle size distribution, we prepared carbon nan-
otubes (CNT) and activated carbon (AC) supported Pd catalysts
with a range of Pd loadings. For most samples, the carbon support
materials were first functionalized by liquid-phase oxidation (LPO)
to create oxygen-containing functional groups on the surface and
investigate their impact on Pd nanoparticle dispersion. Pd was
loaded on C by a one-pot two-step approach: first, the precursor,
(NH3)4Pd(NOs),, was added to an aqueous carbon suspension at
pH 11, allowing ion adsorption on deprotonated acidic functional
groups on the support surface. This was followed by liquid-phase
reduction using either formaldehyde or sodium borohydride as
reducing agent. It was shown that the metal loading, and thus
molar ratios between metal precursor and acidic support func-
tional groups (M/A), play a key role in metal dispersion. At an M/
A ratio of 0.5, corresponding to 2 functional acid groups per Pd?*
ion, maximum ion adsorption is achieved, and well dispersed par-
ticles were formed upon subsequent reduction. Higher Pd loadings
were seen to lead to formation of larger Pd particles, likely caused
by reduction of Pd ions directly in the solution and subsequent
deposition onto a support. The nature of the reducing agent also
influenced the metal dispersion.

2. Materials and methods
2.1. Materials and reagents

The multi-walled carbon nanotubes (CNT) used were Baytubes
C 150 HP obtained from Bayer Materials Science. The activated car-
bon (AC) was an HCl-washed High Purity carbon from BASF. Nitric
acid (65 wt%), HCI (fuming), aqueous NH3 (28-30 wt%) and NaOH
were purchased from Merck (Emsure, p.a.); urea (p.a.), KCl (p.a.)
and trans-cinnamaldehyde (99%) from Acros; 2-propanol (puriss.,
>99.5%), sodium borohydride (>98%) and aqueous formaldehyde
(37 wt%, stabilized with methanol) from Sigma Aldrich. Biphenyl
(99%) and an aqueous (NH3)4Pd(NOs3), solution containing 4.6 wt
% Pd (50 g L 1) were acquired from Alfa Aesar.

2.2. Carbon support pre-treatment

Surface functionalization of the carbon materials was per-
formed by liquid-phase oxidation (LPO). This functionalization
treatment was performed by refluxing 4 g carbon in 150 mL boiling
65 wt% nitric acid for 1.5 h (CNT) or 30 wt% nitric acid for 0.5h
(AC). Afterwards, the functionalized carbons were isolated from
the reaction mixture by filtration and washed thoroughly with
demineralized water. Functionalized carbon supports were dried
in an oven at 120 °C in static air for at least 16 h prior to use.

2.3. Metal deposition

The procedures for Pd/C catalyst preparation were based on lit-
erature [8,23]. 0.4 g functionalized or nonfunctionalized carbon
was suspended in 90 mL demineralized water in a round-bottom
flask, and magnetically stirred. The pH was adjusted to 11 using
28-30 wt% NHs (aq) aiming at a net negatively charged carbon sur-
face, and the suspension was stirred for at least 2 h. To prepare cat-
alysts with different Pd loadings (1-15 wt%), different volumes of
aqueous (NH3)4Pd(NOs), were added, and the mixtures were stir-
red for another 24 h. Subsequently, excess amounts of aqueous
reducing agent solutions were added at room temperature.
Formaldehyde (37 wt%, 0.8-3 mL) was added instantly. Freshly
prepared aqueous sodium borohydride (2.3-8 mg NaBH,) was
added through a flexible tube below the reaction mixture surface
at a rate of 0.4 mg sodium borohydride/min using a syringe pump.
After adding formaldehyde, the reaction mixture was heated to
80 °C for 1 h. In case of addition of sodium borohydride, the reac-
tion mixture was stirred at room temperature for 1 h.

The samples were 5 times washed and filtered using demineral-
ized water and a Biichner funnel and then dried at 120 °C in static
air for 16 h.

Samples were labeled xPd/S_R in which x is the Pd loading (wt.
%, from ICP-OES), S is the support (CNT for pristine CNT, CNT-Ox for
LPO-functionalized CNT, AC for as-received and HCI washed AC or
AC-Ox for LPO-treated activated carbon), and R is the reducing
agent (H = sodium borohydride or F = formaldehyde).

2.4. Characterization

2.4.1. N, Physisorption

Nitrogen physisorption measurements were performed on a
Micromeritics Tristar 3000 instrument at —196 °C. Before the mea-
surements, samples were dried for 14 h at 120 °C under flowing N,.
Support surface areas were calculated using the multipoint BET
method (0.05 < p/po < 0.25). Pore volumes were determined at p/
Do=0.997 and pore sizes were determined by the Barrett-Joy
ner-Halenda (BJH) method by using the adsorption branches of
the isotherms.

2.4.2. Potentiometric titration

The amount of acidic functional groups on the support surface
was determined by performing potentiometric titrations [26].
30mL 0.1 M KCl (aq) was added to 25 mg crushed sample to
increase the conductivity of the suspension. The suspension was
ultrasonically dispersed for 30 min. Titration was performed using
a Radiometer Analytical TIM880 setup, continuously stirring and
flushing with N,. Additional 35 mL of 0.1 M KCI (aq) was added
prior to titration to ensure that the pH electrode was fully
immersed. The sample was titrated using a 0.01 M NaOH/0.1 M
KCl solution as titrant until the pH of the mixture reached 9. The
amount of titrant at the inflection point (equal to the amount of
acidic groups) was determined by numerically calculating the first
derivative of the titration curve and then applying a second degree
polynomial fit (dpH/dV = aV? + bV +c) around the maximum
(typically around pH 7), finding the volume of titrant at the inflec-
tion point by calculating Viyecrion = —b/2a.

2.4.3. XPS

X-ray photoelectron spectroscopy (XPS) was carried out on an
SSX 100/206 photoelectron spectrometer from Surface Science
Instruments (USA) equipped with a monochromatized micro-
focused Al X-ray source (powered at 20 mA and 10 kV). The pow-
der samples were fixed on small brass cups using double-sided
adhesive tape and then placed on an insulating homemade ceramic



450

sample holder (Macor, Switzerland). A flood gun set at 8 eV and a
Ni grid placed 3 mm above the sample surface were used for
charge stabilisation. The analyzed area was approximately
1.4 mm?, and the pass energy was set at 150 eV. The binding ener-
gies were set by fixing the C;s peak [C-(C,H) component] at
284.8 eV. Four photopeaks (Cjs, O1s, Nyg, Pdsgs/2) were analyzed.
Data treatment was performed using the CasaXPS program (Casa
Software Ltd), and a sum of Gaussian/Lorentzian (85/15) compo-
nents after subtraction of a Shirley-type baseline. Molar fractions
were calculated using peak areas normalised based on acquisition
parameters and sensitivity factors provided by the manufacturer.

2.4.4. TEM

(Scanning) transmission electron microscopy ((S)TEM) imaging
was performed on an FEI Talos F200X transmission electron micro-
scope, operated at 200 kV and equipped with a high-brightness
field emission gun (X-FEG). Pd particle size distributions were
determined by measuring typically 100-200 nanoparticles using
Image] from which the number-average particle size was
calculated.

2.4.5. XRD

X-ray diffraction (XRD) was performed on a Bruker D2 PHASER
using Co Ko radiation (4 = 1.789 A). Diffractograms were measured
from 10° to 90° 26 in 0.1° increments. Pd crystallite sizes were cal-
culated in Bruker Topas software using the (1 1 1) diffraction line
at 46.9° 260. Due to overlap between the Pd (111) and C (100)
peaks, the XRD patterns were deconvoluted using the Double-
Voigt approach comprising of Lorentzian and Gaussian component
contributions. Reported sizes are volume weighted mean sizes
based on the integral breadth [23,27]. The amount of Pd in larger
crystallites was estimated by normalizing the area of the Pd
(11 1) diffraction peak against C (1 00) and (1 0 1) after deconvo-
lution of the XRD pattern in Bruker Topas software. This is
described in more detail in the supporting information.

2.4.6. H, chemisorption

H, chemisorption measurements were performed on a
Micromeritics ASAP 2020C instrument. Samples were reduced at
90 °C in flowing H; for 1 h and subsequently evacuated at 150 °C.
The H, uptake was measured at 90 °C. To account for hydride for-
mation at higher pressure (300 mbar and up), extrapolations to
zero pressure were performed on logarithmic fits that were applied
to the data points up to 150 mbar. For the calculations (hemi)
spherical particles, an H:Pd stoichiometry of 1 and an atomic cross
section of Pd of 0.0787 nm? were used.

2.4.7. ICP-OES

Inductively coupled plasma-optical emission spectroscopy (ICP-
OES) measurements were performed with a SPECTRO ARCOS ICP-
OES instrument after dissolving the samples in aqua regia.

2.5. Catalytic tests

Samples were tested for the hydrogenation of cinnamaldehyde
in an Autoclave Engineers EZE-Seal batch reactor system fitted

Table 1
Textural and acidic properties of support materials.

W.S. Lamme et al. /Journal of Catalysis 375 (2019) 448-455

with a separate vessel that was used for preheating and pressuriz-
ing the reagent. The separate vessel allowed a well-defined reac-
tion starting time by injecting the reagent to a heated and
pressurized reactor. The catalyst (30 mg) and 47 g 2-propanol were
loaded in the reactor; 1.6 g trans-cinnamaldehyde, a solution of
60 mg biphenyl (as internal standard) and 1.5 g demineralized
water in 22 g 2-propanol was loaded in the separate vessel. Reactor
and vessel were heated to 60 °C while flushing with N, and were
then pressurized with H, to 15 bar (reactor) and 25 bar (vessel).
Then the contents of the vessel were released into the reactor.
The reactor was kept at 60 °C and 20 bar H, pressure (flowing at
100 mL, min~!) for 3-4 h. 0.5 mL liquid samples were taken from
the reaction mixture at selected intervals and analyzed by gas
chromatography (Shimadzu GC-2010 fitted with an Agilent CP-
Wax 57 CB column). More details on selectivity and activity calcu-
lations are described in the supporting information.

3. Results and discussion
3.1. Support characteristics

Properties of the support materials used in this study were
assessed using N, physisorption and titration (Table 1). After func-
tionalization by LPO the BET surface area of the CNT increased,
which was likely caused by etching of the surface with acid, caus-
ing it to roughen. For the activated carbon, the surface area and
pore volume both decreased after LPO, which could have been
caused by oxidation and collapse of pillar-like structures that
ensure structural integrity of pristine activated carbon. As
expected, the LPO treatment led to a significant increase in number
and density of acidic functional groups on both CNT and AC
Supports.

The surface functional groups nature was further investigated
using XPS for CNT and CNT-Ox. The untreated CNT contained a
low amount of oxygen (1.4 at.%). This increased to 6.3 at.% for
CNT-Ox. Deconvolution of the C; peak showed an increase in phe-
nolic, carbonyl and carboxyl functional groups. This is described in
more detail in the supporting information.

3.2. Structure of the catalysts

To investigate the effects of reducing agents, support function-
alization and Pd loading on the Pd particle size distribution, in par-
ticular on the formation of large Pd particles, a set of catalysts was
prepared with nominal Pd loadings varying from 1 to 19 wt%. As
described in the Experimental section, the carbon supports were
functionalized, and the pH was set at 11 to facilitate the adsorption
of Pd precursor cations. As reducing agents, sodium borohydride
and formaldehyde were used. All samples were dried at 120 °C in
static air unless specified differently. Properties of the prepared
catalysts are summarized in Table 2.

3.2.1. Structure of CNT-supported catalysts

The first five samples listed in Table 2 were prepared using CNT-
Ox as support and formaldehyde as reducing agent. As can be seen
from ICP results, at low nominal loading (<2 wt%) all Pd was

Support BET surface area (m? g ') Pore volume (cm? g ') Acidic functional groups (mmol g 1) Acidic functional groups density (nm2)
CNT 200 1.2 0.02 0.007

CNT-Ox 270 1.2 0.70 1.6

AC 860 1.9 0.01 0.06

AC-Ox 704 1.1 1.2 1.0
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Table 2
Pd/C catalyst properties.
Sample Pd loading Particle/crystallite size (nm)
Nominal (wt%) ICP (wWt%) M/A?] XRD TEM (sub-10 nm) H, chemisorption
1Pd/CNT-Ox_F 13 13 0.17 - 09+0.2 0.7
2Pd/CNT-Ox_F 2.0 1.8 0.24 - 14+03 0.8
4Pd/CNT-Ox_F 5.5 3.9 0.54 - 0.8+0.3 0.6
4Pd/CNT-0Ox_F-2 11.2 3.7 0.48 - 1403 0.8
4Pd/CNT-Ox_F-3 15.4 3.9 0.54 - 1.0+0.2 0.8
1Pd/CNT-Ox_H 2.1 1.0 0.14 - 15104 14
2Pd/CNT-Ox_H 3.5 2.4 0.33 - 0.8+0.2 1.0
4Pd/CNT-Ox_H 5.7 4.4 0.61 2.9 1.1+03 2.0
8Pd/CNT-Ox_H 11.0 7.9 1.15 5.2 0.6+0.2 1.8
10Pd/CNT-Ox_H 15.4 9.6 143 4.8 1.0£03 29
4Pd/AC-Ox_H 4.8 43 0.35 - 0.7+£0.2 0.3
7Pd/AC-Ox_H 11.8 74 0.63 - 0.8+0.2 0.8
10Pd/AC-Ox_H 19.1 10.3 0.90 9.5 09+0.2 0.9
5Pd/CNT_H 5.5 46 23 29 ~6!°! nd.
1Pd/CNT_F 5.5 1.4 7 4.0 ~3IP! nd.
[al Defined as the molar ratio between Pd (determined by ICP) and acidic functional groups on the unloaded support (determined by titration).
Pl very heterogeneous sample (see Fig. 2).
a) IPd/CNT-Ox_F ¢) IPd/CNT-Ox_H d) 10Pd/CNT-Ox_H e) 4Pd/AC-H f) 10Pd/AC-H

b) 4Pd/CNT-Ox_F

LR TR T R T5 5 4 s
Particie size (nm) Particle size (nm)

Particle size (nm)

Particle size (nm) Particle size (nm) Particle size (nm)

Fig. 1. Representative high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and particle size distribution histograms of Pd/C
catalysts. (*) Only sub-10 nm particles were included in the particle size distribution of the 10 wt% sodium borohydride-reduced samples.

deposited whereas at higher nominal Pd loading (up to 15 wt%),
catalysts that were reduced by formaldehyde had a maximal Pd
loading of 3.9 wt%. XPS measurements revealed that the samples
contained both Pd® and Pd" (Table S3, Figs. S3-S6), proving that
metallic Pd was present and thus that reduction had taken place;
the Pd" was likely formed by surface oxidation due to air exposure
after reduction. Average Pd particle sizes determined by H,
chemisorption were similar for all the xPd/CNT-Ox_F catalysts,
with 0.8 nm on average. A slightly larger average Pd particle size
of about 1 nm was determined by scanning transmission electron
microscopy (STEM) (Fig. 1a and b, Fig. S7a). This discrepancy can
be ascribed to the fact that particles of less than 0.5 nm were not
detected in STEM or to an increased H:Pd stoichiometry (>1) lead-
ing to a decrease in average Pd size determined by H, chemisorp-
tion. Importantly, STEM images showed that Pd particles were
uniformly distributed across the CNT-Ox support and that no
agglomeration was observed even at the highest achieved Pd load-
ing (3.9 wt%). Due to the sub-nanometer size, Pd particles in xPd/
CNT-Ox_F samples could not be detected by XRD (Table 2,
Fig. S9c). When nonfunctionalized CNTs were used as support,
the extent of deposition of the metal precursor was much lower

than when functionalized CNTs were used (sample 1Pd/CNT_F,
Table 2). Even though nominal loading was set to 5.5 wt%, ICP
detected only 1.4 wt% of Pd. Some Pd particles with a size around
1 nm were observed as well as a significant number of larger par-
ticles (>5 nm, Fig. 2a), the latter being confirmed by XRD (Fig. S9e).
We ascribe this to the absence of functional groups leading to less
Pd ion adsorption and weaker interaction with the support which
likely caused Pd particles to grow to larger size. On the other hand,
the presence of functional groups seems to promote and
strengthen the attachment of Pd ions preventing the formation of
large Pd particles.

Like samples reduced by formaldehyde, reduction by sodium
borohydride also led to Pd loadings on CNT-Ox samples to be lower
than nominally set. However, higher maximal Pd loadings were
achieved, namely 7.9 wt% and 9.6 wt% when nominal loadings
were set to 11 wt% and 15 wt%, respectively (Table 2). Large differ-
ences compared to formaldehyde-reduced samples can be seen
from STEM images (Fig. 1c and d, Figs. S7b-d): next to uniformly
distributed particles of ~1 nm visible for all samples, STEM images
of the sodium borohydride-reduced samples with higher loadings
also revealed particles larger than 10 nm. High magnification STEM
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a) IPd/CNT_F b) 5Pd/CNT_H

Y A
e

»»
190 nm

20 nm
—

Fig. 2. Representative high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of Pd/CNT catalysts prepared using nonfunc-
tionalized CNT as support. Reduction of the metal precursor was performed in
liquid phase by (a) formaldehyde, (b) sodium borohydride.

and TEM images showed that the large particles were polycrys-
talline (Fig. S11), indicating that these particles could have been
formed by agglomeration of smaller particles rather than growing
as a single crystal. The average particle sizes determined by H,
chemisorption increased with increasing loading (Table 2). XPS
measurements revealed that the samples contained both Pd® and
Pd" (Table S3, Figs. S3-S6), proving that metallic Pd was present
and thus that reduction had taken place; the Pd" was likely formed
by surface oxidation due to air exposure after reduction. The con-
centration of metallic Pd increased with increasing loading, which
could be ascribed to the increased average particle size at higher
loading: due to the larger particles, a smaller fraction of Pd atoms
is subject to air exposure and consequently a larger fraction stays
metallic. X-ray diffraction peaks for Pd were observed for samples
with higher Pd loadings (Fig. S9a, c and d). While ~1 nm Pd parti-
cles were not detected in XRD, the presence of large Pd particles
could be assessed from the XRD patterns. However, due to the
polycrystalline nature of the larger particles, the crystallite size,
as determined from XRD, is much smaller than those from STEM
image analysis (Table 2). From the presence of sharp Pd diffraction
lines in the XRD patterns it can be concluded that the larger parti-
cles were metallic Pd. When nonfunctionalized CNT was used as a
support, only large Pd particles were observed (>10 nm, Fig. 2b),
confirming the hypothesis based on formaldehyde reduced sam-
ples, that the functional groups impact the attachment of metal
ions and the consequent size of the metal particles.

The formation of 1 nm particles was studied by in situ heating
electron microscopy. Very few particles were observed in a 4Pd/
CNT-Ox_H sample that was dried at room temperature. Upon heat-
ing, particles appeared and grew (Fig. S8). This implies the pres-
ence of sub-nm particles and probably atomically dispersed Pd
species after reduction. It is concluded that the 1 nm particles are
formed during the 120 °C drying treatment. As the XPS measure-
ments showed that metallic Pd was present in the samples, we
believe the 1 nm particles are formed by agglomeration of sub-
nanometric particles (Pd clusters) and atomically dispersed spe-
cies. Upon heating, any non-metallic Pd can be reduced by either

traces of reducing agent and/or the carbon support to become
mobile and then captured by Pd clusters to form the ~1nm
particles.

3.2.2. Structure of AC-supported catalysts

Next to CNTs, functionalized activated carbon (AC-Ox) was also
used as a support for sodium borohydride-reduced catalysts. Pd
loadings were again lower than nominal, e.g. for the sample with
the nominal loading of 19 wt%, the measured loading was 10 wt
%. STEM images show particle sizes and particle distributions like
those of the sodium borohydride-reduced CNT-Ox-supported cata-
lysts: next to uniformly distributed particles of ~1 nm visible for
all samples (Fig. 1e and f, Fig. S7e), large particles (>10 nm) were
observed in the sample with the highest loading (Fig. 1f). Further-
more, like the xPd/CNT-Ox_H samples, Pd diffraction peaks in the
XRD patterns were only observed at higher loading (Fig. S9d).
However, the Pd loading at which larger particles started forming
was higher on AC-Ox: both the 4 wt% and 7 wt% Pd sample showed
no evidence of the formation of large particles, whereas the 10 wt%
Pd sample did.

From the results above, it is clear that both the functionalization
of the CNT support and the nature of the reducing agent play an
important role in determining the achievable Pd loading and Pd
particle size distribution.

3.3. Impact of support functionalization

First, we consider the impact of support functionalization. The
conditions during catalyst preparation were such that the acidic
functional groups on the support surface were deprotonated and
negatively charged allowing ion adsorption or electrostatic interac-
tion of Pd ions. As the Pd ion has a 2+ charge and deprotonated car-
boxylic and phenolic functional groups have a 1— charge, 1 Pd ion
could bind to 2 acidic functional groups. This implies that at Pd
ions to acid functional groups molar ratios (M/A) of 0.5 and below,
all Pd ions should be adsorbed to the support surface. For CNT-0x,
the Pd loading corresponding to this threshold ratio is 4 wt%, which
was also the maximum achieved loading in samples reduced by
formaldehyde. It was argued that upon reduction, the adsorbed
Pd ions are expected to form uniformly distributed small Pd parti-
cles since their interaction with the support is strong. This was
indeed observed for both formaldehyde-reduced and sodium-
borohydride reduced samples when the Pd loading did not exceed
4 wt%. In case the M/A ratio is higher than 0.5, i.e. Pd loading is
higher than 4 wt%, an excess of Pd ions remains in solution. This
excess of ions is not expected to be adsorbed on the support and
likely undergoes reduction in the solution to form metallic parti-
cles. Such unsupported particles are more prone to growth or
agglomeration until their precipitation on the support (or on the
reactor wall). This was clearly observed for the sodium
borohydride-reduced Pd/CNT-Ox samples, where large particle for-
mation occurred upon increasing the nominal Pd loading above
4 wt%. To confirm that large particles are formed by reduction of
excess metal precursor, a Pd/CNT-ox sample was prepared with a
nominal loading of 15 wt%. The sample was washed before reduc-
tion by NaBH,4, removing excess metal precursor. Indeed, this sam-
ple had Pd particles of 1.0 + 0.3 nm and very few larger particles
(Fig. S10). However, the Pd loading of this sample was only
2.3 wt¥% (ICP).

The higher concentration of acidic functional groups in AC-ox
allowed obtaining higher weight loadings without forming larger
particles. Nonfunctionalized CNTs had virtually no acidic func-
tional groups and when used as support (M/A > 0.5), no adsorp-
tion of the metal precursor could occur and therefore only large
particles were formed during reduction (Fig. 2a).
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3.4. Impact of the reducing agent

Reduction by sodium borohydride led to both small and large
particles, while formaldehyde was likely not able to reduce excess
metal precursor ions, since only small particles were observed in
the formaldehyde-reduced samples supported on functionalized
carbons, and loadings above M/A ratios of 0.5 were not obtained.
Here we hypothesize that such difference compared to sodium
borohydride might stem from the ability of metallic Pd to catalyze
the decomposition of formaldehyde [28].

3.5. Amount and formation of large particles

In the XRD patterns, Pd peaks were only observed for the sam-
ples that contained large particles. This allowed for a semi-
quantitative determination of the amount of Pd in large particles.
For this, the XRD patterns were deconvoluted (Figure S9b) and
the areas of the Pd (11 1) peaks were determined. These areas
were normalized against the sum of the areas of the C (1 00) and
C (101) peaks. This normalization was performed to correct for
effects of parameters such as the amount of sample, the integration
time and X-ray absorption within the sample. The peak ratio
obtained this way was assumed proportional to the concentration
of the sample component (Pd) forming the peak. As only the larger
particles were contributing to the peak, the peak ratio was directly
proportional to the amount of Pd in the larger particles. An indica-
tion of the absolute amount of metal producing the peak was
obtained by comparing the obtained peak ratio to the peak ratio
of reference catalysts. For this, three reference samples were used
consisting of ~4 wt% Pd (crystallite size ~4 nm) supported on the
same support (CNT-Ox) prepared by ion adsorption followed by
thermal activation at 500 °C in N, (details on preparation and
structure are described elsewhere [23]). Results of the deconvolu-
tion and quantification are shown in Fig. 3 for CNT-Ox supported
catalysts. The Pd (11 1) peak was not observed at low loadings
but appeared at higher loadings and increased linearly above an
M/A ratio of 0.5, corresponding to Pd loadings above 4 wt%. The lar-
gest peak area for Pd (11 1), for sample 10Pd/CNT-Ox_H, corre-
sponded to a Pd loading of 6.3 wt%, while the total Pd loading of
this sample was 9.6 wt%. As only the larger (>10 nm according to
STEM analysis) Pd particles contribute to the XRD peak, it was con-
cluded that about 65% of the metal had ended up in the larger par-

Pd loading (wt. %)
0 2 4 6 8 10

25 T T

T T
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Fig. 3. Peak area of the Pd (1 1 1) diffraction peak normalized against C(1 0 0) and C
(101) for sodium borohydride-reduced and formaldehyde-reduced Pd/CNT-Ox
catalysts as a function of the Pd loading (upper x-axis) and M/A ratio with
M = amount of Pd (ICP, Table 2) and A=amount of acid sites on the unloaded
support (Table 1) (lower x-axis). For an impression on the Pd loading in large
particles (right axis), diffraction peak ratios were normalized to reference Pd/CNT-
Ox samples with ~4 nm Pd crystallites (more details in supporting information).
Large particles are defined as all particles that consist of crystallites observed in
XRD, with a particle size >10 nm determined from STEM analysis.

ticles. Similarly, in samples 8Pd/CNT-Ox_H and 4Pd/CNT-Ox_H,
47% and 20% of the metal was located in large particles, respec-
tively. Although the data obtained this way is not fully quantita-
tive, this method provided an estimate of the amount of Pd
ending up in large particles.

It is important to note that the observations above also suggest
that the acid sites with which the metal precursor ions initially
interact can only be used once. Should this not be the case, adsorp-
tion of a metal precursor ions from the solution could continue
considering that during the reduction adsorbed metal precursor
ions migrate to form particles and thus free up the support func-
tional groups for further adsorption. To verify the inactivity of acid
sites, a potentiometric titration was performed on catalyst sample
4Pd/CNT-Ox_F. No acidic functional groups were detected in this
catalyst. This indicates that the acidic functional groups were
removed through reaction with the metal precursor [16] or the
reducing agent. It is unlikely that the acidic functional groups were
fully blocked by coordinated metal atoms as the initially adsorbed
metal atoms had clustered to form ~1nm metal particles
(observed in TEM images) containing many atoms and therefore
occupying only a small fraction of the surface. Furthermore, the
results suggest that at higher Pd loadings interplay between ion
adsorption followed by reduction of adsorbed ions and
deposition-precipitation of ions reduced in solution took place.
This highlights the complexity of the liquid-phase reduction pro-
cess and different effects the support surface chemistry, the con-
centration of metal precursor and the type of reducing agent can
have on metal particle size and size distribution.

3.6. Catalytic performance

The performance of the catalysts was determined for the cat-
alytic hydrogenation of cinnamaldehyde. This reaction is known
as a structure-sensitive reaction: the selectivity towards hydrocin-
namaldehyde decreases with increasing particle size [23,29]. Fur-
thermore, an increase of the average metal particle size at
constant loading leads to a lower number of metal atoms at the
surface, and therefore to a lower activity. All tested samples were
active as catalyst for the hydrogenation of cinnamaldehyde (Table 3
and Fig. S12). Full cinnamaldehyde conversion was reached in all
cases. The catalytic performance of the catalyst did not decrease
over time (cf. Fig. S12), so no clear deactivation was observed.
The two formaldehyde-reduced samples had comparable selectiv-
ity and Pd-weight normalized activity. Sodium borohydride-
reduced samples showed decreasing selectivity towards hydrocin-
namaldehyde and Pd-weight normalized activity with increasing
Pd loading. No cinnamyl alcohol was formed and no other products
were observed in the GC spectra.

The increase in Pd-weight normalized activity and selectivity
with decreasing weight loading observed for the sodium
borohydride-reduced samples can be explained by the increasing
fraction of Pd in small particles (Fig. 4). For the formaldehyde-

Table 3
Catalytic activity and selectivity towards hydrocinnamaldehyde (p=10bar H,,
T =60 °C, t =200-350 min).

Sample Activity'®)(mmol gpd s7) Selectivity!®!
1Pd/CNT-Ox_F 3.2 82%
4Pd/CNT-OX_F 3.4 82%
1Pd/CNT-Ox_H 3.8 86%
4Pd/CNT-Ox_H 2.4 66%
10Pd/CNT-Ox_H 0.8 47%

12l Activity at 50% conversion, determined from a linear fit on In(Xcinnamaldehyde) VS- £
(see Fig. S12 and supporting information for details on the calculation).
b1 Selectivity at 50% conversion.
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Fig. 4. Catalytic activity plotted against the fraction of Pd in small particles. Fraction
of Pd in small particles was calculated as ([weight loading Pd (ICP)]-[Pd loading in
large particles (Fig. 3)])/[weight loading Pd (ICP)]. The line has been added to guide
the eye.

reduced samples, selectivities and Pd-weight normalized activities
were similar, since both catalysts had well dispersed Pd particles
and narrow Pd particle size distributions. After catalysis, the
~1 nm Pd particles had increased, to 1.3-2.3 nm (Table S4) with
limited impact on results shown in Fig. 4. Due to the limited size
increase and the absence of clear deactivation it was expected that
the catalysts were reusable. However, the small amount of catalyst
used impeded catalyst recycle experiments.

4. Conclusions

This study reports various factors that affect dispersion of Pd/C
catalysts prepared by liquid-phase reduction. It was shown that
dispersion and size distribution is strongly dependent on the pres-
ence of functional groups on the support surface, the type of reduc-
ing agent as well as the concentration of metal ions in solution. It
was argued that acid functional groups serve as adsorption sites to
which Pd precursor ions can bind. After reduction and drying at
120°C in air, uniformly distributed 1 nm Pd nanoparticles had
formed with a narrow particle size distribution, irrespective of
the type of reducing agent. However, once the amount of Pd ions
surpassed the amount of available acid sites for adsorption, the
excess of Pd ions was likely reduced in solution which led to the
formation and precipitation of larger (>10 nm) Pd particles when
sodium borohydride was used as a reducing agent. Up to 65% of
the Pd ended up in the larger particles at the highest loading
(10 wt%) on CNT-Ox, this led to a 4-fold decrease in the Pd-
weight normalized catalytic activity for the hydrogenation of cin-
namaldehyde. Liquid-phase reduction is a complex process and
the findings suggest an interplay between ion adsorption and
reduction of adsorbed metal ions on the one hand, and precipita-
tion of metal particles that are formed by reduction of metal ions
in the solution on the other hand. Precipitation of larger Pd parti-
cles could be suppressed by using less metal precursor than the
amount of available acid sites, or by choosing formaldehyde as
reducing agent that was not able to reduce the metal precursor
in solution. The importance of acid sites was confirmed by using
nonfunctionalized CNT as support, for which very low loadings of
poorly dispersed Pd were achieved. Furthermore, when functional-
ized activated carbon was used, the higher amount of acid sites
allowed for higher Pd loadings to be achieved while maintaining
highly dispersed Pd particles. This study proves that preparation
of Pd/C catalysts with a high Pd loading and high dispersion via
liquid-phase reduction is possible, and the underlying principles

reported can be applied to the preparation of other catalytic sys-
tems that involve liquid-phase reduction.
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