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Abstract: In this study, carbon nanofiber-supported Pd nanoparticles were used in the hydrogenation
of cinnamaldehyde and in the dehydrogenation of cinnamyl alcohol. The different graphitisation
of the surface of the nanofibers and the amount of oxygen functionalisation significantly affected
both activity and selectivity to the various reaction products. In particular, a decrease in nanoparticle
dimensions and oxygen content resulted in an increase in overall activity for both of the studied
reactions. Moreover, the selectivity to hydrocinnamaldehyde enhanced with increasing surface
oxygen content in the cinnamaldehyde hydrogenation, while the selectivity to cinnamaldehyde was
higher with low-functionalised nanofibers in the cinnamyl alcohol dehydrogenation. Finally, the
most active catalyst proved also to be stable in consecutive runs.

Keywords: palladium; carbon nanofibers; cinnamaldehyde; hydrogenation; cinnamyl alcohol;
dehydrogenation

1. Introduction

Carbon nanofibers (CNFs) were observed for the first time in 1889 from the decomposition of
an organic gas at high temperature [1]. However, it was not until the last three decades that CNFs
attracted considerable attention due to their chemical and physical properties, such as high thermal
and electrical conductivity, high mechanical strength and good chemical resistance [2]. Nowadays,
CNFs find application in the production of gas sensors and other electronic components, as polymer
additive and as drug delivery systems as well [3-7]. On the other hand, one of the most promising
applications of CNFs is in heterogeneous catalysis as support for metal nanoparticles. Their versatility
is due to the ease of modification of some physiochemical properties, such as surface area, porosity
and surface chemistry [3,7,8]. For example, the external surface of CNFs can be functionalised with
many O-, N-, or P-containing groups that can improve their dispersion in a broad range of solvents as
well as increase the interaction with metal nanoparticles or organic molecules [9-13].

Many chemical reactions of industrial relevance benefit from the use of CNFs when used as
support [14,15]. Better spreading of the metal on the support surface was observed when CNFs were
used, leading to higher activity and selectivity compared to the other supports. The reason for the
better spreading was attributed to higher metal-support interaction between the metal and the graphitic
surface of the CNFs and to withdrawing properties of the functional groups on the CNFs surface [16].

The selective hydrogenation of «,-unsaturated aldehydes is an important reaction from an
industrial point of view. Cinnamaldehyde, in particular, is one of the most significant fragrance
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aldehydes, with an estimated production of 1.5 kton/year via base-catalysed condensation of
benzaldehyde and acetaldehyde [17]. The products of hydrogenation of the vinyl (C=C) or carbonyl
(C=0) group, hydrocinnamaldehyde (HCAL) or cinnamyl alcohol (COH) respectively, are largely used
in the production of various fine chemicals for the pharmaceutical and perfumery industry [17,18].
To selectively hydrogenate either the vinyl or the carbonyl group, several supported noble metal
nanoparticles can be used, such as Au, Pd, Pt, Rh, Ru and Ir [19,20]. Carbon-based supports, in
particular, are reported to be very active for this specific reaction [21-23]. Pd nanoparticles supported
on CNFs have shown to be more active and selective towards HCAL than activated carbon due to the
high external surface area and the absence of microporosity that can cause mass transfer limitation [24].
De Jong et al. extensively studied the metal particle size and surface oxygen content effects for
Pt and Ru nanoparticles supported on CNFs [25,26]. In their work, the authors showed how the
absence of oxygen functionalities allows the adsorption of the benzene ring on the CNFs surface, thus
increasing the selectivity towards HCAL but decreasing the overall activity. On the other hand, small
nanoparticles are more active and selective towards COH due to the metal-benzene ring repulsion that
makes the C=C hydrogenation difficult [27].

On the other hand, the reverse reaction (cinnamyl alcohol dehydrogenation), is a typical example of
an oxidation reaction of aromatic allylic alcohol [28-30]. The selective aerobic oxidation of alcohols is an
important reaction in organic chemistry and the search for an active, selective and stable heterogeneous
catalyst for this type of reactions from both an academic and industrial point of view is still a
challenge [31,32]. The main product derived from the oxidation of cinnamyl alcohol is cinnamaldehyde.
As already mentioned, cinnamaldehyde is widely used in the food and perfume industry, and
its synthesis still involves chemical platforms derived from fossil fuels such as benzaldehyde and
acetaldehyde [17]. Apart from cinnamaldehyde, the coexistence of a hydroxyl group and an alkenyl
group confers to cinnamyl alcohol high reactivity, leading to a complicated reaction pathway with many
by-products that can be produced. Hydrocinnamyl alcohol (HCOH) and 1-phenyl-1-propene (PPE)
are the two main by-products derived from hydrogenation and hydrogenolysis reactions respectively.
The nature of the catalyst and the reaction conditions play a crucial role in directing the selectivity of
the reaction. Supported metal nanoparticles are usually employed for the selective conversion of COH
into CAL, and among all, Pd is one of the most used active metal for oxidation reaction, despite often
suffering from deactivation phenomena [33-38].

In this study, Pd nanoparticles were supported by the impregnation method on four CNFs
with a different order of graphitisation, oxygen content and particle dimension, namely CNFs-PS,
CNFs-PS-OX, CNFs-LHT and CNFs-HHT. The catalysts were then thoroughly characterised with
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, transmission electron microscopy (TEM)
and energy-dispersive X-ray spectroscopy (EDX) in order to correlate nanoparticles dimension and
dispersion with the surface properties of the CNFs. The catalytic performances of the synthesised
catalysts were evaluated on two Pd-catalysed reactions, namely cinnamaldehyde hydrogenation and
cinnamyl alcohol oxidation. Our final goal was to study how the graphitisation order and surface
oxygen content of the CNFs influence the catalytic activity in the two proposed reactions.

2. Materials and Methods

2.1. Catalyst Preparation

Vapour-grown carbon nanofibers CNFs PR24-PS, PR24-LHT and PR24-HHT were purchased
from Applied Sciences, Inc. (Cedarville, OH, USA). CNFs PR24-PS was treated at 700 °C (pyrolytically
striped), PR24-LHT at 1500 °C and PR24-HHT at 3000 °C. A detailed characterisation of these materials
can be found in a previous report [39].

The CNFs-PS-OX support was prepared by oxidation treatment with HNOj of the commercial
CNFs-PS following the procedure reported elsewhere [40]. Typically, 2 g of CNFs-PS were added to a
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concentrated solution of HNOj (1 L, 70%) and stirred for 2 h at 100 °C. The oxidised CNFs were then
filtered, washed with distilled water and dried at 80 °C for several hours.

All the Pd supported catalysts were prepared with an incipient wetness impregnation method
followed by chemical reduction in order to have a theoretical metal loading of 1 wt%. In a typical 1 g
preparation, the appropriate amount of CNFs support (0.99 g) was added to a 100 mL aqueous solution
of NayPdCly-2H,O (Pd: 0.094 mmol; metal precursor purchased from Sigma-Aldrich, Haverhill, MA,
USA, 299.99%) and the solution was vigorously stirred at room temperature for 6 h. A freshly prepared
aqueous solution of NaBH, (0.1 M, NaBH4/Pd (mol/mol) = 8; purchased from Sigma-Aldrich, 99.99%)
was then added and the solution was left stirring for an additional 6 h. Finally, the catalyst was filtered,
washed thoroughly several times and dried at 80 °C for 2 h.

2.2. Catalysts Characterisation

X-ray diffraction (XRD) analysis was performed with a PANalytical X'PertPRO X-ray diffractometer
using a Cu Ko radiation source (A= 1.5418 A°) and operated at 40 kV and 30 mA. The diffraction
patterns were collected over the 10-80° 2 0 range at a step size of 0.017°.

X-ray photoelectron spectroscopy (XPS) data were collected with a Thermo Scientific K-alpha™*
spectrometer equipped with a monochromatic Al X-ray source operating at 72 W (6 mA x 12 kV), and
with the signal averaged over an oval-shaped area of approximately 600 x 400 microns. The data were
recorded at pass energies of 40 eV for high-resolution scans and 150 eV for survey scans, with a 0.1 eV
and 1 eV step size respectively. Charge neutralisation of the sample was achieved using a combination
of both low energy electrons and argon ions (less than 1 eV) which gave a C(1 s) binding energy of
284.8 eV. The envelopes were fitted after subtraction of a Shirley background using CasaXPS (v2.3.17
PR1.1) using Scofield sensitivity factors and an energy exponent of —0.6.

Bare supports, fresh and used catalysts were analysed by Raman spectroscopy with a Renishaw
inVia Raman microscope. Typically, 0.01 g of sample was analysed under an IR class laser (514 nm)
with a laser intensity of 50% and scanned at an attenuation time of 22 s and 10 scans.

Transmission electron microscopy (TEM) analysis was carried out using a JEOL JEM 2100 TEM
operating at 200 kV. The samples were firstly dispersed in absolute ethanol and sonicated for 5 min. A
drop of this suspension was placed on a holey carbon film supported by a 300 mesh copper grid. Mean
particle sizes and particle size distributions were obtained by measuring the size of over 500 particles
from different areas.

Pd surface atoms abundance was calculated assuming that all nanoparticles had cuboctahedral
morphology with the cubic close-packed structure in this size range; the full calculation of the number
of surface-exposed atoms is reported in the Supplementary Information.

To study the morphology of the samples and determine the Pd content, scanning electron
microscope (SEM) images were taken on a Hitachi TM3030PLUS equipped with a Quantax70
energy-dispersive X-ray spectroscope (EDX).

2.3. Catalytic Reactions

Cinnamaldehyde hydrogenation was performed at 25 °C, using a stainless steel batch reactor
(100 mL capacity), equipped with heater, magnetic stirrer, gas supply system and thermocouple.
Cinnamaldehyde solution (15 mL; 0.3 M in xylene, purchased from Sigma-Aldrich, >99%) was added
into the reactor and the desired amount of catalyst (substrate: catalyst molar ratio = 1000) was
suspended in the solution. The H, pressure was set to one bar as an optimised reaction condition while
avoiding the mass transport issue. The mixture was heated to the reaction temperature, 25 °C, and
stirred at 1250 rpm.

Cinnamyl alcohol dehydrogenation was performed at 100 °C, using a stainless-steel batch reactor
(100 mL capacity), equipped with heater, magnetic stirrer, gas supply system and thermocouple.
Cinnamyl alcohol solution (15 mL; 0.3 M in xylene, purchased from Sigma-Aldrich, >99%) was added
into the reactor and the desired amount of catalyst (substrate: catalyst molar ratio = 500) was suspended
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in the solution. The N; pressure was set to 3 bar as optimised reaction condition while avoiding mass
transport issue. The mixture was finally heated to the reaction temperature, 100 °C, and stirred at
1250 rpm.

During the reaction, samples were removed periodically (0.2 mL) and identification of the products
was performed using a Thermo Scientific Trace ISQ QD Single Quadrupole GC-MS (Thermo Scientific,
Waltham, MA, USA) equipped with a capillary column HP-5 30 m x 0.32 mm, 0.25 X m Film, by Agilent
Technologies. Quantitative analysis with an external standard method (n-octanol; Sigma-Aldrich,
>99%) was used. At the end of the reaction, the autoclave was cooled to room temperature, the H,
flow stopped and the autoclave purged with flowing nitrogen. Recycling tests were carried out under
the same experimental conditions. The catalyst was recycled in the subsequent run after filtration
without any further treatment.

3. Results

3.1. Catalysts Characterisation

The three commercial supports (CNFs-PS, CNFs-LHT and CNFs-HHT) consist in hollow fishbone
fibres with an average diameter of 80 + 30 nm and a specific surface area of around 50 m? g='.
In particular, CNFs-PS are pyrolitically stripped fibre, with a thin chemically vapour deposited (CVD)
layer of carbon over a graphitic fishbone core; the pyrolitical stripping step allows to remove any
polyaromatic hydrocarbons from the fibre surface, leaving a thin surface layer of amorphous carbon.
The CNFs-LHT are fibre treated at a temperature of 1500 °C to ensure complete carbonisation of any
surface CVD carbon. The CNFs-HHT are high temperature treated fibres (3000 °C) with the surface
CVD carbon layer fully graphitised. Finally, the CNFs-PS-OX are the commercial CNFs-PS fibres
treated with HNOj in order to introduce oxygen functional groups.

X-ray photoelectron spectroscopy (XPS) analysis was conducted on fresh and used samples to
determine their electronic states and evaluate the metal surface abundance. From the deconvolution of
the C 1 s peak, it is possible to measure the concentration of sp? (Binding Energy, B.E. ca. 284 eV) and
sp? (B.E. ca. 285 eV) hybridisation of the CNFs supports [39]. The ratio sp?/sp?, in particular, is a clear
indication of the graphitisation order of the CNFs, since graphite is theoretically composed of solely
sp? hybridised carbons. From Table 1 it is possible to notice that, as expected, increasing the CNFs
annealing temperature, the sp?/sp° ratio increases, and thus the graphitisation order increases as well.
In particular, the amount of sp? carbon varies from 52% of the less graphitic CNFs-PS-OX to 82% of the
most graphitic CNFs-HHT.

Table 1. X-ray photoelectron spectroscopy (XPS) and Raman analysis for the evaluation of the
graphitisation order.

Catalyst C sp? (%) Csp® (%) sp?/sp® Ip/Ig
CNFs-PS n.a. n.a. n.a. 0.75
CNFs-LHT n.a. n.a. n.a. 0.71
CNFs-HHT n.a. n.a. n.a. 0.11
Pd/CNFs-PS-OX 51.8 34.6 1.5 n.a.
Pd/CNFs-PS 66.7 224 3.0 n.a.
Pd/CNFs-LHT 72.0 174 41 n.a.
Pd/CNFs-HHT 82.1 7.5 10.9 n.a.

Figure 1 shows XPS Pd 3d spectra of the fresh samples. The Pd 3ds, component at ca. 335 eV was
assigned to metallic Pd [41], while the component at approximately 337 eV to Pd?*, mainly present as
PdO [42]. As expected, the oxygen-functionalised catalyst (Pd/CNFs-PS-OX) displays a high amount
of Pd?* species. However, no apparent correlation could be detected between the amount of metallic
Pd and the modification in morphology through annealing temperature. From Table 2, it could also
be noticed that the experimental metal loadings are lower than the values calculated by EDX. This
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difference is due to the fact that XPS is a surface-sensitive technique, in contrast with the bulk sensitive
EDX, and thus cannot detect the presence of metal at a depth greater than ca. 3 nm [43].
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Figure 1. Pd 3d XPS analysis of (a) Pd/CNFs-PS-OX, (b) Pd/CNFs-PS, (c) Pd/CNFs-LHT and
(d) Pd/CNFs-HHT.

Table 2. Palladium, oxygen and chlorine atomic contents and relative abundance of Pd® of the four
catalysts used.

Catalyst Pd Content Relative Pd° O Content Cl1 Content
(at. %) Content (%) (at. %) (at. %)
Pd/CNFs-PS-OX 0.75 15.6 12.05 0.04
Pd/CNFs-PS 0.40 58.4 2.94 0.06
Pd/CNFs-LHT 0.57 59.1 2.60 0.04
Pd/CNFs-HHT 0.71 25.9 0.94 -

The oxygen content was analysed by monitoring the O 1 s peak in the 530-540 eV range and the
results are presented in Table 2 and Figure 2. The catalysts which have not been functionalised still
present some surface oxygen, in part due to PdO species and in part due to oxygen functionalities
formed by exposure of the support to the atmosphere. The oxygen naturally present in the air, in fact,
at room temperature can react with carbon atoms of incomplete graphitic layers. As a consequence,
increasing the graphitisation order results in a decrease in oxygen content due to the reduction in the
number of structural defects that can host functionalisation [44]. Moreover, oxygen can bind to carbon
in different ways. The assignment of the O 1 s components is not always elementary, and particular
attention must be given. The peak at 530-531.5 eV is generally assigned to C=O species, while the one
at 534.5-535 eV is relative to carboxylic groups. C-O-H and C-O-C bonds are the most critical species,
and opposed opinions have been found in the literature regarding their assignment. However, since
hydrogen is slightly less electronegative than carbon, carbon-oxygen bonds in the ether-like group
should appear at slightly higher energy than carbon-oxygen bonds in hydroxyl groups, 533.0-533.2 eV
and 531.5-531.8 eV respectively. It is interesting to notice that, as expected, the content of C-O single
bonds decreases with an increase of the CNFs annealing temperature. Finally, the peak at 536.7-537.1
is generally assigned to adsorbed water.
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Figure 2. O 1 s XPS analysis of (a) Pd/CNFs-PS-OX, (b) Pd/CNFs-PS, (c) Pd/CNFs-LHT and
(d) Pd/CNFs-HHT.

Lastly, the presence of chlorine impurities coming from the Pd precursor was detected by
monitoring the Cl 2p3/, emission in the binding energy region of 198-199 eV. Cl relative atomic content
is reported in Table 2. Very low amount of inorganic chlorine was detected (<0.06%) either as chloride
anions or chlorine covalently bonded to carbon atoms.

Raman spectroscopy analysis was performed on the bare supports in a wavenumber range of
900-1900 cm~!. This analysis allows for evaluating the structural disorder of the graphitic domains by
monitoring the intensity of the peaks at 1348 and 1572 cm™! (Figure 3) and their relative ratio (Table 1).
The two peaks are attributed to the D and G bands for sp? clusters respectively, and they are caused by
a disorder in the sp?>-hybridised carbon (D band) and by the stretching of the C-C bonds in the sp?
graphitic domains (G band). The ratio Ip/I; is then an index of the structural disorder and thus related
to the size of graphitic domains. For the bare supports, as expected, the increase of the annealing
temperature causes a decrease of the Ip/Ig ratio, with the CNFs-HHT being the most graphitic sample
and the CNFs-PS the least graphitic one. This confirms XPS analysis, showing that a higher degree of
graphitisation is reached at high pre-treatment temperatures.

-
=]
<
~
)
-
S
2]
=
Q
Pt
=t
—
—— CNFs-PS
—— CNFs-LHT
—— CNFs-HHT]

1000 1200 1400 1600 1800

Raman shift (cm™)
Figure 3. Raman analysis of the CNFs-PS, CNFs-LHT and CNFs-HHT supports.

Nanoparticles dimension and size distribution of the four catalysts were measured from bright
field transmission electron microscopy (TEM) micrographs (Table 3 and Figure 4). The particle size
distribution ranges from 2.5 to 10 nm, with mean values around 5-7 nm in all the cases. It is worth
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notice that nanoparticles tend to be slightly smaller when supported on CNFs with a high degree
of graphitisation.

Table 3. Particle size and size distribution of the four catalysts before and after reaction. Surface Pd
percentage (Pdsyrr) is also reported for the fresh catalysts.

Fresh Used
Catalyst
Mean (nm) Std. Dev. (nm) Pdgyrr (%) Mean (nm) Std. Dev. (nm)
Pd/CNFs-PS-OX 5.8 1.1 20.7 5.7 2.4
Pd/CNFs-PS 6.9 1.8 17.6 6.8 2.0
Pd/CNFs-LHT 5.7 1.3 21.1 7.5 2.8
Pd/CNFs-HHT 54 0.9 22.1 5.9 2.3

Figure 4. Representative transmission electron microscopy (TEM) micrographs of the four catalysts
used before reaction: (a) Pd/CNFs-PS-OX, (b) Pd/CNFs-PS, (¢) Pd/CNFs-LHT and (d) Pd/CNFs-HHT.

The total metal loading was finally measured by SEM-EDX. In all the cases, the Pd loading was
very close to the theoretical value of 1 wt% (Table 4). Unlike XPS, EDX is, in fact, a bulk sensitive
analysis and thus more accurate in the calculation of the total metal loading.
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Table 4. Pd loading of the four catalysts.

Catalyst Pd Loading (wt%)
Pd/CNFs-PS-OX 1.01
Pd/CNFs-PS 1.04
Pd/CNFs-LHT 1.03
Pd/CNFs-HHT 1.03

3.2. Cinnamaldehyde Hydrogenation

Catalytic CAL hydrogenation tests were conducted with the four different catalysts. The scheme
of reaction is presented in Figure 5. The products of hydrogenation of the C=C and C=O groups are
HCAL and COH respectively. Further addition of H, leads to hydrocinnamyl alcohol (HCOH) or to
1-phenylpropane (PPR) by hydrogenolysis mechanism. The hydrogenation activity was evaluated in
terms of Turnover Frequency (TOF) considering both the total Pd content (TOFrot) and on the surface
atoms only (TOFsyrr). TOF calculation is reported in the Supplementary Information.

CAL COH PPE
I0 OH
H,0

H, H, H,
0

e

HCAL HCOH

NS

Figure 5. Scheme of the possible products of cinnamaldehyde (CAL) hydrogenation: cinnamyl alcohol
(COH), hydrocinnamaldehyde (HCAL), hydrocinnamyl alcohol (HCOH), 1-phenyl-1-propene (PPE)
and 1-phenylpropane (PPR).

Recent studies reported an increase in selectivity towards HCAL with a consequent increase in
activity when either Ru, Pt or Pd were supported on low-oxygen content CNFs [24,26,45]. In agreement
with those studies, highest activity in the CAL hydrogenation was reached when CNFs-HHT was
used as support (Table 5), with a TOF 3 times higher than the Pd/CNFs-PS catalyst (from 2126 to
6776 s71). Unexpectedly, however, the support with the highest oxygen content (CNFs-PS-OX) was
not the least active. We ascribed the low activity of the Pd/CNFs-PS catalyst to the presence of big
metal nanoparticles compared to the other catalysts. It has been previously reported, in fact, that large
metal nanoparticles are less active due to a change in the adsorption mode. Moreover, in our case,
the increase in activity is not related to the increase in the hydrogenation rate of the C=C bond only.
With the decrease of surface oxygen, in fact, the selectivity towards CAL decrease from 80% with
the Pd/CNFs-PS-OX to 68% when CNFs-HHT was used as support, with a consequent increase in
selectivity mainly towards the HCOH. It is well known that Pd preferentially adsorbs and hydrogenates
the C=C double bond. The presence of polar oxygen surface atoms avoids the adsorption of the
benzene ring on the carbon surface, thus inhibiting the participation of the peripheral atoms in the
hydrogenation. With the increase of annealing temperature, the oxygen content decreases, making the
carbon surface available for the adsorption of aromatic groups. With more adsorption sites, the overall
hydrogenation activity increases. This, however, greatly enhances the hydrogenation of the carbonylic
group due to the better accessibility of the C=0 bond rather than the C=C bond, thus increasing the
overall production of HCOH (Table 5). It is worth notice how the presence of acidic oxygen functional
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groups activates the hydrogenolysis mechanism to form 1-phenylpropane. The plot conversion as a
function of time of the four catalysts is reported in Figure S1 in the Supplementary Information.

Table 5. Catalytic data for the cinnamaldehyde hydrogenation reaction. Reaction conditions: 25 °C,
1 bar Hy, 0.3 mol L~! cinnamaldehyde in p-xylene, substrate: metal molar ratio 1:1000. TOF calculated
at 5 min of reaction.

Conversion (%) TOFroT TOFsyurs Selectivity at 90% Conversion (%)
Catalyst 5 1 2
at 5 Min (s (s™h) HCAL HCOH PPR COH
Pd/CNFs-PS-OX 5 625 3015 80 3 15 -
Pd/CNFs-PS 2 375 2126 83 10 6 -
Pd/CNFs-LHT 8 1000 4747 76 22 - -
Pd/CNFs-HHT 12 1500 6776 68 30 1 -

The effect of reaction temperature on the catalytic hydrogenation of CAL was evaluated using
CNFs-HHT as support (Table 6). Increasing the temperature from 25 to 100 °C, the overall activity
enhanced by a factor of 16 (from 6776 to 109,862 s71). The reaction temperature seems to affect more
the hydrogenation of the C=0O bond, with an increase in selectivity towards HCOH from 30 to 44%.
Interestingly, COH was produced both at 60 and 100 °C, confirming the increase in the carbonyl
hydrogenation rate at high temperatures.

Table 6. Catalytic data for the cinnamaldehyde hydrogenation reaction with Pd/CNFs-HHT at different
reaction temperatures. Reaction conditions: 1 bar Hp, 0.3 mol Lt cinnamaldehyde in p-xylene,
substrate: metal molar ratio 1:1000. TOF calculated at 5 min of reaction.

Temperature TOFror TOFsurr Selectivity at 90% Conversion (%)

(@] (s (s1) HCAL HCOH PPR COH
25 1500 6776 68 30 1 -
60 12,500 56,467 58 33 2 6
100 24,320 109,862 41 44 3 10

Reusability tests of the Pd/CNFs-HHT catalyst were carried out simply by centrifugation and
filtration of the reaction mixture after 2 h of reaction. After the first use, a slight decrease in activity
was observed, specifically from 98% to 89% (Figure 6). The conversion, however, remained constant
for the following reuses, demonstrating the high reusability capacity of the Pd/CNFs-HHT catalyst.
This is probably due to the strong interaction between the metal nanoparticles and the support that
prevents any sintering phenomena, as confirmed by electron microscopy (Table 3). XPS analysis was
performed on the used catalyst to evaluate the Pd oxidation state and compared with the fresh one
(Figure 7). Interestingly, all the Pd in the used catalyst is in the metallic state. This is not surprising
since the presence of dissolved hydrogen in the reaction solvent can reduce the passivated Pd layer to
metallic Pd.
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Figure 6. Reusability of the Pd/CNFs-HHT catalyst in the cinnamaldehyde hydrogenation reaction.
Reaction conditions: 25 °C, 1 bar Hy, 0.3 mol L™! cinnamaldehyde in p-xylene, substrate: metal molar
ratio 1:1000. Time of reaction 90 min.

Intensity (a.u.)

355 350 345 340 335 330
Binding Energy (eV)

Figure 7. XPS analysis of the Pd/CNFs-HHT catalyst before (top) and after (bottom) reaction.
3.3. Cinnamyl Alcohol Dehydrogenation

The performance of the Pd nanoparticles supported on different CNFs has been tested also on the
cinnamyl alcohol dehydrogenation reaction in an inert nitrogen atmosphere. The main products of the
reaction are cinnamaldehyde (CAL), hydrocinnamyl alcohol (HCOH) and 1-phenyl-1-propene (PPE),
although further side products can potentially be formed, such as hydrocinnamaldehyde (HCAL)
and 1-phenylpropane (PPR) (Figure 8). As per the CAL hydrogenation, the catalytic activity seems
to be related to both surface oxygen content and nanoparticles dimension, with the Pd/CNFs-HHT
being the most active (TOF 6144 s71). In all the cases, the main product was CAL, with HCOH and
PPE as side products. Only a very small amount of PPR and HCAL were detected in the reaction
mixture (reported as “others” in Table 7). It is interesting to notice that the product selectivity, at
90% iso-conversion, is mainly influenced by the presence of oxygen functionalities. A decrease in
the oxygen content, in fact, results in an increase in CAL production from 52% with Pd/CNFs-PS-OX
to 70% with Pd/CNFs-HHT. A similar trend was observed with HCOH, confirming that in an inert
atmosphere and in the absence of oxygen functionalities the disproportion mechanism is favoured.
With the increase of acidic surface groups, however, the hydrogenolysis mechanism starts to become
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evident, as suggested by the increase in PPE selectivity from 9% with the Pd/CNFs-HHT to 24% with
the Pd/CNFs-PS-OX. The plot of conversion as a function of time of the four catalysts is reported in
Figure S2 in the Supplementary Information.

PPE COH CAL
OH ?
NS +2H NS -2H A
. .
-H,0
* +2H * 12H * +2H
OH |0
+2H
-«
-H,0
PPR HCOH HCAL

Figure 8. Scheme of the possible products of cinnamyl alcohol (COH) dehydrogenation: cinnamaldehyde
(CAL), hydrocinnamaldehyde (HCAL), hydrocinnamyl alcohol (HCOH), 1-phenyl-1-propene (PPE) and
1-phenylpropane (PPR).

Table 7. Catalytic data for the cinnamy]l alcohol dehydrogenation reaction. Reaction conditions: 100 °C,
3 bar N, 0.3 mol L~! cinnamyl alcohol in p-xylene, substrate: metal molar ratio 1:500. TOF calculated
at 5 min of reaction.

Catalyst Conversion (%) TOFroT TOFsyge Selectivity at 90% Conversion (%)
at 5 Min (s™1) (s CAL HCOH PPE  Others
Pd/CNFs-PS-OX 4 680 3280 52 12 24 12
Pd/CNFs-PS 2 440 2494 58 17 15 10
Pd/CNFs-LHT 5 720 3418 63 23 9
Pd/CNFs-HHT 9 1360 6144 70 20 9 1

4. Conclusions

Four carbon nanofiber samples with different surface oxygen content and graphitisation order
were used as support for Pd nanoparticles. The catalysts were fully characterised with XPS and
Raman to evaluate their surface properties and Pd oxidation state, while TEM and EDX evaluated
metal nanoparticles dimension and total metal loading. A more graphitic surface and a lower
oxygen content are correlated with an increase in the annealing temperature during the preparation
of the CNFs. Moreover, smaller Pd nanoparticles were formed on the low-oxygenated supports.
The catalysts were tested in the cinnamaldehyde hydrogenation reaction and the reverse cinnamyl
alcohol dehydrogenation. In both cases, a decrease in nanoparticle dimensions and oxygen content
resulted in an increase in overall activity, from 2126 to 6776 s~! in the CAL hydrogenation and from
2494 to 6144 s7! for the COH dehydrogenation. Contrary to what has been reported in the literature,
however, we showed an increase in C=0 hydrogenation with a decrease in surface oxygen content.
We ascribed this effect to the better accessibility of specific peripheral metal atoms when functional
groups are not present on the support surface. The most active catalyst (Pd/CNFs-HHT) was tested for
multiple consecutive reactions showing good reusability, with a small loss of activity only after the first
use (form 98% to 89% of conversion). Finally, we demonstrated how the chemistry surface of CNFs
can affect the cinnamyl alcohol dehydrogenation reaction as well, showing that activity increases with
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decreasing the nanoparticle dimension, while selectivity towards CAL increases decreasing surface
oxygen content.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/23/5061/s1,
Figure S1: Time on line conversion of the four catalysts in the cinnamaldehyde hydrogenation reaction. Figure S2:
Time on line conversion of the four catalysts in the cinnamyl alcohol dehydrogenation reaction.
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