Catalysis Letters (2024) 154:3212-3224
https://doi.org/10.1007/510562-023-04540-7

®

Check for
updates

Hydrogenation of Cinnamaldehyde Using Carbon Dots Reduced
Palladium Nanoparticles

Alice Magubane'?3 . Prakash M. Gangatharan'? . Pumza Mente'2 - Tumelo N. Phaahlamohlaka? -
Manoko S. Maubane-Nkadimeng'?* . Michael Lee” - Jacques O’Connell® - Neil J. Coville'

Received: 14 August 2023 / Accepted: 24 November 2023 / Published online: 10 January 2024
© The Author(s) 2024

Abstract

Carbon dots (CDs) with a size range of 0.2 to 2 nm were prepared using a hydrothermal treatment of sucrose and oleic acid.
The as-synthesized CDs were used to reduce H,PdCl, to metallic Pd nanoparticles with dp;=9.3 +3.7 nm, as confirmed by
PXRD and HRTEM data. Pd particles were made to be larger than the CDs, to observe any inverse support effects, however,
TEM data revealed that the CDs were transformed to carbon sheets in the reduction reaction at 100 °C. The synthesized
Pd-CDs catalysts (0.81 wt. % loading) and CDs were both tested for the liquid phase hydrogenation of cinnamaldehyde. The
influence of mass, temperature, and hydrogen flow rate on the activity and selectivity of the CDs and Pd-CDs catalyst on the
hydrogenation of cinnamaldehyde was investigated. The CDs gave a cinnamaldehyde conversion (40%, 4 h) with selectivity
towards the reduction of the C=0 bond (cinnamyl alcohol) while the Pd-carbon catalyst was only selective to the reduction
of the C=C bond (conversion 78%) indicating the dominance of Pd in the reaction. Post analysis of the deactivated catalysts
indicated formation of carbon sheets and sintering of the Pd nanoparticles. It is thus shown that the presence of Pd induces
the CDs to carbon sheet formation and thus indicates the limited use of CDs as a support for the olefin hydrogenation reaction
with the CDs produced carbon support. This finding has implications for other studies using CDs as supports.
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1 Introduction

Carbon dots (CDs) are a more recent class of carbon nano-
materials with excellent electronic properties, and they can
act as electron donors or acceptors [1]. CDs are defined as
quasi-spherical nanoparticles made up of an amorphous to
nano-crystalline graphite core with sizes less than 10 nm
[2, 3]. Since their discovery, many papers have been writ-
ten about their synthesis and uses in different applications,
including drug delivery, sensing, catalysis, and electronics
[4-9]. They have been of interest mainly due to their tun-
able fluorescent properties, biocompatibility, low toxicity,
and abundant low cost sources [10, 11].

In catalysis, metal nanoparticles supported on carbons
such as carbon nanotubes, graphene, and other shaped
carbons, including CDs, have been shown to act as excel-
lent heterogeneous catalysts in many organic transforma-
tion studies [12—15]. In many catalytic reactions using
metal-carbon catalysts, the metal must be in a reduced
state and thus the preparation of metal nanoparticles
supported on carbons for use in hydrogenation reactions
involves the use of both metal reducing and stabilizing
agents, such as citric acid, hydrazine hydrate, sodium
borohydride, etc. [1, 16, 17]. Some of the reducing agents
used are toxic (e.g., hydrazine hydrate/sodium borohy-
dride) and can also lead to metal particle agglomeration
[2]. The use of these reducing agents can limit reactant
hydrogenation, hence it is important to find alternative
reducing agents that are environmentally friendly and can

Fig. 1 Reaction pathway for
the selective hydrogenation of
CALD

Cinnamaldehyde (CALD)

AN

H,/ Catalyst

Cinnamyl alcohol (CA)

stabilize metal nanoparticles to prevent their aggregation
[1, 18].

The CDs surface has been reported to act as both a
“ligand” (capping agent) to stabilize small metal particles
and a reducing agent to generate small metal agglomerates
from metal ions [19-22]. Since the CDs are small (< 10 nm),
this means that the interaction between the carbon and the
metal will be unusual since both will have similar sizes.
This can lead to the possibility of inverse catalyst-support
interactions where the catalyst particle can be larger than the
support particle [23]. Further, the CDs themselves can also
act as catalysts or nanocomposite catalysts due to their abil-
ity to act as an electron donor or electron acceptor [7, 24].
To further investigate the dual effect of a metal and CDs, in
particular when the metal particle is larger than the CD par-
ticle, we synthesized Pd-CDs composites and studied their
behaviour (as well as that of the CDs) in the hydrogenation
of cinnamaldehyde (CALD) as a model reaction.

Figure 1 shows the schematic representation of the selec-
tive hydrogenation of CALD. Hydrogenation of CALD
results in the formation of three different products with
hydrocinnamaldehyde (HCALD) and cinnamyl alcohol (CA)
as intermediate products and 3-phenyl-1-propanol as a final
product [25-27]. The products produced from this process
are all industrially valuable and they are used for the syn-
thesis of fine chemicals [26-29]. Selective hydrogenation of
CALD is a challenge even though the hydrogenation of the
C=C bonds relative to the C=0 bonds is kinetically and
thermodynamically more favourable [29-31].

Hydrocinnamaldehyde
(HCALD)
\O \O
H,/Catalyst
H,/Catalyst
OH OH
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3-Phenyl-1-Propanol (3P1P)
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We chose to generate a metal-CDs complex with Pd, as
the Pd catalyst has been studied intensely in different organic
transformation reactions [26, 32, 33]. Among these reac-
tions, the use of Pd based catalysts for the hydrogenation
of cinnamaldehyde has been well documented and provides
a good model reaction for the study [33-39]. Studies have
shown that the Pd catalyst is mostly selective towards the
reduction of the C=C bond [40, 41].

The reduction of a Pd salt using CDs has been reported
and the synthesized composites have been tested in many
different applications including electrochemistry and pho-
tochemistry studies [41-43]. For example, Wei and Chen
synthesized Pd nanoparticles supported on carbon nanodots
(Pd-CDs) [21]. The Pd-CDs composite was applied as an
anode catalyst for methanol oxidation in alkaline fuel cells.
From the electrochemical measurements, the Pd-CDs cata-
lyst displayed high electrochemical activity for methanol
oxidation in alkaline electrolyte. It was also noted that the
catalyst provided non-blocked active surfaces for the fuel
oxidation reaction.

Pd-CDs composites have also been used in classic organic
synthesis type reactions. Dey et al. investigated the catalytic
effect of carbon dot reduced palladium nanoparticles (Pd@
CDs) for Suzuki-Miyuara and Heck coupling reactions [20].
The authors found that the CDs did not have much impact
on the prevention of Pd nanoparticle agglomeration. The
catalytic activity of the catalyst, referred to as Pd@CDs,
for the coupling of phenylboronic acid and bromobenzene
reached a maximum conversion of 45% to biphenyl after
10 h. The catalyst started to deactivate and precipitation of
a Pd@CDs composite (Pd within a sheet like carbon) was
observed during the reaction.

The present work reports for the first time the use of CDs
and Pd-CDs catalysts in the liquid phase hydrogenation of
CALD. The catalytic activity and selectivity of the two cata-
lysts were investigated. It was found that the two catalysts
had different activity and selectivity in the hydrogenation of
CALD. Transmision electron microscopy results indicated
that in the presence of the Pd, the CDs were converted into
carbon sheets at a low temperature (< 100 °C). Catalyst
deactivation was observed, and this was related to the con-
version of the CDs to carbon sheets, which permitted Pd
agglomeration. This study indicates the limitation of using
Pd supported on CDs in catalytic reactions due to the con-
version of the CDs to carbon sheets by Pd ions.

2 Experimental Procedure
The methods used to synthesize CDs and the Pd-CDs com-

posite were modified from the methods reported in the lit-
erature by Chen et al. [44] and Dey et al. [20] respectively.
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2.1 Materials

The chemicals used were of technical and analytical grade.
Sucrose, oleic acid (90%), CALD (98%), CA (98%), 3P1P
(98%, FCC), HCALD (90%) and PdCl, (99%) were pur-
chased from Sigma-Aldrich. The absolute ethanol was pur-
chased from MK chemical. Hexane fraction and HCI (32%)
were purchased from Associated Chemical Enterprise.

2.2 Synthesis and Surface Reaction of Carbon Dots

CDs were synthesized by refluxing 20 g of sucrose and
20 mL of oleic acid for 22 h at 215 °C under a nitrogen
atmosphere. After cooling the supernatant liquid was dis-
carded and the brown solid product at the bottom of the
flask was dispersed in 40 mL distilled water. The CDs were
then extracted using hexane and water to remove the remain-
ing oleic acid. The final product was oven-dried for 72 h at
100 °C. The yield of the CDs (brown solid) obtained was
41%.

Surface functionalization of the CDs was carried out as
follows: 500 mg of the as-synthesized CDs was dispersed
in 100 ml acetic acid (90%). The resulting solution was
refluxed at 90 °C for 1 h. After refluxing, the solvent was
evaporated at 70 °C and then washed with water. The func-
tionalised CDs (fCDs) were dried in the oven at 100 °C for
24 h.

2.3 Synthesis of 1 wt. % Pd-CDs

CDs (100 mg) were dispersed in distilled water (100 mL)
followed by the addition of 3.75 mL of 2 mM H,PdCl,. The
mixed solution was refluxed at 100 °C for 6 h. The resultant
solution was evaporated using a rotary evaporator at 70 °C.
The product was washed several times using ethanol. The
nanoparticles were oven-dried for 48 h at 100 °C.

2.4 Characterization of Materials

The catalyst loading was determined by inductively coupled
plasma-emission spectroscopy (ICP-OES), which was car-
ried out using a Spectro Arcos ICP-OES. The morphology of
the CDs and Pd-CDs composite was analyzed by high reso-
lution transmission electron microscopy (HRTEM) using a
Tecnai G2 30ST operating at 200 kV and high-angle annular
dark field imaging (HAADF). The Pd and CDs particle sizes
were measured using Image J software by counting > 100
particles from TEM images obtained. Scanning transmission
electron microscopy (STEM) images were acquired using a
JEOL ARM-200F operating at 200 kV. The phase composi-
tion of the prepared samples was determined using, a Bruker
D, phaser PXRD equipped with a Lynxene detector using
Cu-K, (A=1.54184 A) radiation at 30 kV with a scan range
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from 5° <2 ©.<90° in 0.026 steps. The thermal stability of
the samples was determined using a Perkin Elmer thermo-
gravimetric analyser (TGA 4000) in air in the temperature
range of 35-900 °C (10 °C/min). The presence of functional
groups on the surface of the samples was determined using
a Briiker Tensor 27 Fourier transform infrared (FTIR) spec-
trometer. UV—vis absorption measurements were carried out
using a Varian Cary Eclipse (Cary 50) UV—vis absorption
spectrophotometer. Photoluminescence characteristics were
measured using an Agilent Cary Eclipse fluorescence spec-
trometer. The Raman spectra were recorded using a Bruker
Senterra Raman spectrophotometer with a laser wavelength
of 532 nm using Opus 7.1 software. The elemental com-
position of the samples was determined using X-ray pho-
toelectron spectroscopy (XPS) using a Thermo ESCAlab
250Xi equipped with a monochromatic Al K, X-ray source
operating at 1486.7 eV.

2.5 Catalytic Tests

The selective hydrogenation of CALD was carried under
atmospheric pressure in a three-neck round bottom flask
(100 mL) equipped with a condenser, magnetic stirrer, gas
inlet, and sampling port. The three-neck round bottom flask
was placed inside an oil bath with a thermocouple to main-
tain the desired temperature. The reaction mixture consisted
of 100 mg catalyst, 1.32 g CALD, and 100 mL absolute
ethanol. To remove traces of dissolved oxygen, N, gas was
bubbled into the reaction mixture while the temperature
was ramped to 60 °C (2 °C/min). Once the oil bath reached
60 °C, N, was switched with H, (50 mL/min) gas to allow
for the hydrogenation of CALD. The reaction was carried
out for 7 or 8 h while taking samples of the reaction periodi-
cally for analysis.

Product analysis was carried out using an offline Var-
ian 3700 GC with a flame ionization detector (FID) and a
capillary column (Phenomenex Zebron, 30 m L. X 0.53 mm

Fig.2 a High magnification
TEM image and b particle size
distribution of the CDs

I.D.x 1.5 p E.T.). The conditions for analysis were as fol-
lows: the temperatures for the column, detector and injec-
tor were set to 300, 250, and 200 °C respectively, with N,
(5 mL/min) as the carrier gas.

3 Results and Discussion
3.1 Synthesis and Characterization of CDs

The synthesis of the CDs was performed using a variation of
a classical procedure to make very small CDs [44]. The CDs
were fully characterized by HRTEM, TGA, XRD, FTIR,
XPS, UV-vis and PL spectroscopy and their properties are
comparable to the CDs made by Chen and co-workers [44]
(Figs. 2, 3, S1, S2 and S3). Figure 2a shows the high mag-
nification TEM image of the CDs with an average particle
size of 0.9 +0.4 nm (Fig. 2b). A small shift in the PL max-
ima (Fig. S3b) from 471 to 461 nm when compared to CDs
reported by Chen and co-workers [44] is consistent with the
smaller particles produced in this study [45].
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The thermal stability of the CDs was determined by
using TGA and the CDs gave a classic weight loss expected
for CDs (Fig. 3). The first and second small decomposi-
tion peaks at around 95155 °C can be attributed to the loss
of adsorbed moisture as the CDs are known to be hygro-
scopic [46, 47]. The onset decomposition temperature of
the oxygen-containing functional groups and amorphous
carbon was 223 °C with a maximum loss in the derivative
curve at 308 °C. The weight percentage of amorphous car-
bon containing surface functional groups was estimated to
be 56.6%. The decomposition peak of the core carbon of the
CDs was observed in the TG derivative curve at ca. 611 °C.
This indicates that the core carbon of the CDs is a graphitic
type of carbon.

3.2 Synthesis of the Pd-CDs Composite

The Pd-CDs were made by reducing Pd salt using CDs with-
out the addition of any other reducing agent. The Pd metal
content on the synthesized Pd-CDs catalyst was determined
using ICP-OES and was found to be 0.81 wt. % Pd. A TEM

Fig.4 a, b HRTEM images and
¢, d BF and HAADF STEM
images of 1 wt. % Pd-CDs

image of the Pd NPs is shown in Fig. 4a and the NPs have
variable sizes (5.5-13.7 nm). The Pd NPs had an average
particle size of 9.3 +3.7 nm (Fig. S4c). To show if there is
any interaction between the Pd NPs and CDs in the com-
posite, a TEM image of the catalyst was taken at a slightly
lower magnification, and it was noted that some of the Pd
NPs are covered (embedded) with a carbon layer (Fig. S4a
(red circle), b) whereas other NPs are not coated (blue cir-
cle). It appears that the Pd is seen on/in a carbon overlayer,
similar to that described by Dey et al. [20], Dhenadhayalan
et al. [48], and Chandrasekaran et al. [49]. The HRTEM
image in Fig. 4b shows one of the large nanoparticles in the
Pd-CDs composite. Here a multi-twinned Pd nanoparticle
(d=11.6 nm) with high crystallinity and a lattice d-spacing
of 0.22 nm is seen. This lattice d-spacing corresponds to
the (111) plane of Pd (0) and indicates that the Pd has been
reduced by the CDs. A BF and HAADF STEM image of
the sample (Fig. 4c, d) confirmed the presence of Pd and
that the Pd NPs had variable diameters. No CDs were
observed although carbon was detected as a sheet like mate-
rial (Fig. S4). Thus, the TEM data reveals that a Pd-carbon
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catalyst has been made, and that the expected inverse cata-
lyst support interaction was not observed; rather the CDs had
been modified by the Pd [23, 50].

To determine if the Pd was responsible for the conver-
sion of the CDs to carbon sheets during the reduction reac-
tion, CDs (without Pd) were annealed under nitrogen at 190
and 300 °C for 10 min and 1 h, respectively (Fig. S5). At
190 °C only agglomeration of the CDs was observed but the
carbon sheets were formed when the annealing temperature
was increased to 300 °C. This is consistent with recent data
that indicated CDs conversion to carbon nanosheets at high
temperatures [51, 52]. It thus appears that the Pd reduced the
temperature at which the CDs conversion produced sheets.
The reaction in the presence of Pd occurred at T < 100 °C.
The reduction of a metal by CDs functional groups is a com-
mon reaction, but conversion of the carbon core (by reduc-
tion) has been less studied. Indeed, a consideration of the
reduction of metal oxides by carbon, as seen in Ellingham
diagrams, indicates that easy to reduce metal oxides (ions)
can achieve this conversion reaction [53].

Table S3 summarizes the work done using Pd-CDs com-
posite in different reactions and indicates that indeed the
Pd-CDs mixtures readily produce Pd-carbon sheet materi-
als. It is thus clear from the data that the products produced
in the reaction depends on the temperatures (i) used to add
the Pd to the CDs and (ii) to study the Pd-CDs composite
catalytic reactions. The reaction conditions determine the
type of catalyst that is formed between Pd and the CDs (Pd-
CDs inverse catalyst or Pd/carbon sheet) [20, 41, 44, 48,
49, 54, 55].

The PXRD data for the Pd-CDs composite also confirmed
that the H,PdCl, salt had been reduced to metallic Pd. The
PXRD (Fig. 5a) peaks at ca. 39.7°, 46.3°, 67.1°, and 81.1°
correspond to the Pd nanoparticle crystal planes: (111),
(200), (220), and (311) [56]. The Pd nanoparticle plane
(111) was more prominent than other phases which corre-
late to the lattice d-spacing obtained from HRTEM images

(a) (002) Pd-CDs (b)
(111)
3 |
3 |
> (
& (200)
§ | | (220) (1)
- " \dwuwbw
20 40 60 80

2 theta (degrees)

Fig.5 a PXRD and b TGA and DTG of 1 wt. % Pd-CDs catalyst

Weight (%)

of the Pd-CDs. The Pd crystallite size measured using the
Scherrer equation gave d=9.7 nm, a value similar to that
found from TEM measurements. The thermal stability of
Pd-CDs was studied using TGA (Fig. 5b). From the TGA,
a residue of 0.45 wt. % (due to oxidized Pd) was observed.
Compared to the TGA of the CDs, it was observed that the
addition of the Pd catalyst decreased the thermal stability
of the CDs. The presence of Pd also affected the removal
of the functional groups with the maximum peak position
reduced from 308 °C (see Fig. 3) to 186 °C. A small peak at
ca. 300 °C is thought to be due to CDs that did not interact
with Pd. The decomposition of the CDs core was observed
in the derivative curve at ca. 424 °C, much lower than seen
in the CDs. The early onset oxidation of the carbon can be
attributed to the ability of the Pd nanoparticles to catalyze
the oxidation of carbon [57]. The content of surface func-
tional groups was also lower in the Pd-CDs as indicated by
the ratio of the functional group/core carbon peaks (from
57% t0 23.2%).

The UV-vis spectra (Fig. 6a) of the Pd-CDs composite
is similar to that of the CDs with a small blue shift in the
two absorption peaks (226 to 222 nm and 284 to 283 nm,
CDs — Pd-CDs respectively). The absence of the plas-
monic peaks for Pd (II) at 325 and 440 nm shows that a
complete reduction of Pd (II) to Pd (0) has occurred [58,
59]. The addition of Pd to the CDs led to quenching of the
photoluminescence of the CDs and shifted the peak maxi-
mum from 471 to 456 nm (Fig. 6b). This phenomenon can
be attributed to possible aggregation of CDs, the removal
of the CDs functional groups, and photoinduced electron
transfer from the CDs shells to the metal core [60].

The FTIR spectrum (Fig. S7a) of the Pd-CDs showed
little change from the CDs spectrum. However, XPS data
(Fig. S7b) of the Pd-CDs showed that after the reduction
of H,PdCl, there was a decrease in the Ols atomic % of
Pd-CDs composite from 26.8 to 22.4% when compared
to the CDs (Fig. S2b). The C/O atomic ratio of Pd-CDs

100 - .
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Fig.6 a UV-vis spectra and b PL spectra of the 1 wt. % Pd-CDs catalyst

Table 1 Comparison of the atomic % of the oxygenated functional in
Cls spectra of CDs and Pd-CDs

Sample Pd-CDs CDs

Cls BE (eV) Atomic % BE (eV) Atomic %
C-0 285.9 11.0 286.1 20.9
C=0 287.1 2.5 287.3 4.5
0-C=0 288.4 1.1 288.5 4.6

composite was calculated to be 3.0 and this value is higher
than that of the CDs (2.7). The deconvolution of the Cls
XPS spectrum (Fig. S7c¢) of the Pd-CDs composite, as with
the CDs, showed 5 types of carbon species which peaks
in the spectrum correspond to C—C sp? (284.1 eV), C-C
sp® (285.0eV), C-0 (285.9eV), C=0 (287.1eV), 0-C=0
(288.4 eV) indicating that the composite still has oxygenated
functional groups. A decrease in the intensity of the oxygen-
ated peaks (C=0, O-C=0, and C-O) on the surface of the
CDs was also observed. These small changes relate to the
small amount of Pd used in the reaction; larger amounts give
larger effects. This reduction in the intensity of the oxygen-
ated peaks was also observed by Dey et al. [20].

From the XPS and FTIR data of both CDs and Pd-CDs, it
can be noted that there are changes in the surface functional
groups of the CDs. The reduction in the intensity and shifts
in the wavenumbers of the oxygenated functional groups in
the IR spectra can be ascribed to the transfer of electrons
that occurred during the reduction of Pd ions to metallic Pd
[20, 49, 50, 62, 63]. This can be supported by the XPS data
where a large decrease in atomic % of C-O peaks in the Cls
spectra of Pd-CDs (Table 1) is observed. The oxygenated
functional groups have also been reported to serve as nuclea-
tion centres for the growth of Pd NPs which, then leads to
the transformation of the CDs to carbon sheets [62, 63].

In summary, the method used in the synthesis of the Pd-
CDs resulted in the Pd ions/oxide being reduced by the CDs
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and some interaction between the CDs and Pd was shown
(TGA, UV-vis, PL spectroscopy). Further, the interaction
of the CDs with the Pd led to the partial removal of surface
groups by the Pd and the conversion of the CDs to a car-
bon layered material. The observation of the conversion of
CDs to carbon sheets has been described before, but in the
literature report, the reaction occurred thermally at tempera-
tures > 200 °C [51]. In other studies CDs conversion into
porous 3D carbon framework thermally at high temperatures
has also been mentioned [64]. It appears from our study
that this reaction to convert CDs to other carbon shapes can
also occur at lower temperatures (100 °C) in the presence of
the Pd acting as a catalyst. The reaction resulted in cover-
age/embedding of the Pd with a carbon overlayer that was
generated from the CDs, as seen by others [20, 48, 49]. The
process by which this conversion occurs is still not known
in any detail.

3.3 Hydrogenation of CALD Using CDs and Pd-CDs
Composite

3.3.1 Catalytic Reactions of CDs

Carbon materials are known to act as catalysts, a phenom-
enon known as carbocatalysis [65, 66]. The development
of carbon nanomaterials (CNMs) such as fullerene, CNTs,
graphene, nanodiamonds, and mesoporous carbon has led
to an enormous interest in the use of these CNMs as carbo-
catalysts in various catalytic applications [67]. Functional
groups on the surface of these CNMs have been identified
as one of the catalytic sites [67—69].

The CALD hydrogenation reaction was carried out in
the liquid phase. The catalytic activity of the CDs towards
the hydrogenation of CALD was evaluated at 40 and 60 °C
(Fig. 7). The reaction is in general rapid, and the reaction ter-
minated prior to conversion of all the CALD. For example,
at 60 °C within 4 h 40% CALD conversion was obtained,
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Fig.7 The conversion of CALD over CDs catalyst at 40 °C and 60 °C
(50 mg CDs, 50 mL/min=H, flow rate, 100 ml ethanol, and 1.32 g
CALD)

and after that no further reaction took place. In terms of
selectivity, the CDs catalyst was completely selective to
the hydrogenation of the C=0 bond forming CA, and no
HCALD and 3P1P were detected. This is consistent with
the ability of the carbon m-electrons to donate electrons to
the CALD, as observed for Pt which also hydrogenates the
C=0 bond [70].

In an attempt to modify the activity of the CDs, a sur-
face reaction with acetic acid (to give fCDs) was undertaken
to generate potential reaction sites. The FTIR spectrum
(Fig. S8a) of the f{CDs indeed showed the growth of peaks
at 3366, 1711, and 1018 cm™' which corresponds to O—H,
C=0, and C-O—C functional groups when compared to the
FTIR spectrum of the CDs. There was also a slight red shift
in the peaks suggesting stronger bond formation (Table S1).
The fCDs were used in the cinnamaldehyde reduction reac-
tion, and the f{CDs gave a reduction in catalyst activity indi-
cating that the acid functional groups were not the major
contributor to the reaction (Fig. 8). The selectivity to C=0
reduction was maintained.

3.3.2 Catalytic Activity of Pd-CDs

The catalytic activity of the Pd-CDs catalysts was deter-
mined. The activity was found to be higher for the Pd-CDs
than for the CDs but also, significantly, the product dis-
tributions were entirely different (it is to be noted that the
Pd content was < 1 wt. %). For example, after 1 h reaction
using similar reaction conditions (60 °C) the conversion of
CALD was higher for the Pd-CDs (28.4%) than for the CDs
(18.8%) (Table 2). Thus, the Pd-CDs catalyst completely
overwhelmed the catalytic reaction of the carbon sheets
made from the CDs. This suggests that the reduction of the

45
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1
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—a—CDs
—e—fCDs

Conversion (%)

N
w
=N
[$)]
»
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Fig.8 Conversion of CALD over CDs and fCDs catalysts at 40 °C.
Reference conditions: m =50 mg, t=7 h, 50 mL/min=H, flow
rate, 100 ml ethanol, and 1.32 g CALD

Pd by the CDs removed the active surface groups responsi-
ble for the hydrogenation of the CALD to CA.

The catalytic activity of Pd-CDs catalyst was further stud-
ied, using different reaction conditions. The effect of the
Pd-CDs catalyst mass on the hydrogenation of CALD was
tested at 60 °C (Fig. 9). A relatively good linear correlation
between the catalyst activity and the amount of catalyst used
was observed. The conversion of CALD increased from 46
to 73% with an increase in the catalyst mass.

The effect of reaction temperature on the CALD conver-
sion and product selectivity was also studied by varying the
temperature between 40 and 80 °C (Fig. S9). The activity
(mol/gpy.h) based on CALD conversion towards the Pd mass
on the Pd-CDs catalyst was calculated. Figure 10 shows the
effect of temperature on the catalyst activity after 1 h. The
catalyst activity increased from 7.2 to 8.2 mol/gp,.h with
increasing reaction temperature. As the reaction temperature
increased the turnover number of the effective active sites of
the catalyst slightly increased. The catalyst was 100% selec-
tive toward the reduction of the C=C bond, forming only
hydrocinnamaldehyde.

Figure 11 shows the influence of H, flow rate on the
hydrogenation of the CALD over the Pd-CDs catalyst. An

Table2 CDs and Pd-CDs activity and selectivity for the hydrogena-
tion of CALD

Catalysts Conversion (%) Selectivity (%)

HCALD 3P1P CA
CDs 18.8 0 0 100
Pd-CDs 28.4 100 0 0

Reference conditions: 1 h, 50 mg catalyst, 50 mL/min=H, flow rate,
100 ml ethanol, T=60 °C, and 1.32 g CALD
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Fig. 11 The conversion of CALD over the Pd-CDs catalyst at differ-
ent hydrogen flow rates. Reference conditions: T=60 °C, 50 mg cata-
lyst, 100 ml ethanol, and 1.32 g CALD
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increase in the hydrogen flow rate did not have a significant
influence on the activity of the catalyst and did not change
the selectivity of the catalyst.

Recyclability studies were undertaken; the catalyst from
a previous reaction was separated from the reaction medium
using a centrifuge and washed using ethanol. The obtained
catalyst was dried at 100 °C for 2 h. To reactivate the cata-
lyst, it was reduced at 190 °C using a CVD furnace under
a flow of H, (50 ml/min) and N, as a carrier gas. The data
indicated that the catalysts lost activity completely after the
first cycle.

TEM images were recorded on the catalyst after the reac-
tion (Fig. 12). A comparison of Figs. 4a and S4 with Fig. 12
indicates that three effects have occurred: (i) the Pd particles
have agglomerated further (ii) the carbon particles have now
formed thicker sheets and (iii) the carbon appears to have
encapsulated the Pd. These multiple effects led to the deac-
tivation of the catalyst. It is clear that the CDs thus play no
role in stabilizing the Pd particles as was also observed in
the study conducted by Dey et al. [20].

3.3.3 Comments on the Mechanism

In the literature, the product selectivity of metal catalysts
has been associated with the metal d-band width [35, 71].
The metal d-band width can be arranged in the following
increasing order: Pd < Pt <Ir =~ Os [35]. The chances of the
metal surface interacting with the conjugated C=C bond
increases with a narrower d-band metal width suggesting
that Pd would catalyse the C=C bond in CALD [35].

Our initial objective was to investigate the role of Pd sup-
ported on CDs to study an inverse catalyst support effect
(dpg> dgypport particte) @nd to study the selectivity of this type
of catalyst. The first step was to evaluate the CDs in the
CALD hydrogenation reaction. Here studies showed that
the C=0 bond was selectively hydrogenated. Functionali-
zation of the CDs with acetic acid further revealed that the
acid C=0 groups were not the dominant groups required to
hydrogenate the C=0 CALD bond.

The Pd-CDs composite was then investigated for the
CALD hydrogenation. After the reduction of the Pd salt
using CDs, changes in the surface chemistry of the cata-
lyst were noted. In particular, the CDs were converted into
carbon sheets, thus the new catalyst was rather made of Pd
embedded in, or on top of, the sheets.

This suggest that the Pd has the ability to convert the
CDs into sheets in solution at low temperature. The data
are indeed consistent with other reports in which Pd-CDs
have revealed lack of a typical CD structure after Pd reduc-
tion. The partial removal of the functional groups during the
reduction of the Pd salt thus allows for ‘stitching together’ of
the carbons to form the sheets. The effect has also been seen
during high temperature annealing. Thus, the data indicate
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Fig. 12 TEM images of the Pd-
CDs catalyst after first catalyst
cycle

that Pd readily converts CDs into sheet like and layered car-
bons. Similar observations were found when reducing other
metals like silver [71] and gold [19, 72] using CDs.

The conversion of the CDs suggested that the activity
of the CDs was modified by this process due to i) loss of
surface area and ii) loss of functional groups. The study indi-
cated that the Pd (< 1%) then dominated the catalytic reac-
tion. We assume that the active functional groups responsi-
ble for the selectivity towards the C=0 bond were removed
from the CDs during the reduction of the Pd salt. Toebes
et al. has also reported that the removal of the oxygenated
functional groups present on a Pt/carbon nanofibres catalyst
resulted in an enhanced selectivity towards the reduction of
the C=C bond in the hydrogenation of CALD [73].

4 Conclusions

The data presented from this study shows that CDs can be
used as a reducing agent for Pd salts thus avoiding the use of
strong and toxic reducing agents. From HRTEM studies, it
was shown that highly crystalline Pd NPs were formed after
reaction of a Pd salt with the CDs. The UV-vis spectra of
the Pd-CDs is similar to that of CDs and no plasmonic peaks
of Pd (IT) were observed. The PL and Raman spectra of the
Pd-CDs catalyst has shown that CDs have electron transfer
properties indicated by quenching of the photoluminescence
of the CDs. The interaction between CDs and Pd NPs is
similar to reactions with other nano carbons in which the Pd
salts are reduced by the carbon.

The use of the Pd-CDs catalyst for the reduction of CALD
led to a conversion of 78% at 80 °C. It was observed that
the CDs and Pd-CDs catalysts favoured different adsorp-
tion modes (C=0 or C=C respectively) leading to different
product distributions A significant finding from the study,
that explained the catalytic data, related to the Pd catalyzed
conversion of the CDs into carbon sheets. This occurred in

solution at low temperature. The sheet formation resulted in
Pd agglomeration, which was used to rationalise the catalyst
deactivation observed in the reaction.

The data show that care needs to be used when CDs are
used as supports, even in low temperature reactions, when
easy to reduce metal ions are used as catalysts. The CDs
have the ability to convert into other shapes under the reac-
tion conditions, and this will impact in the agglomeration
and hence the activity of the catalysts.
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