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Selective Hydrogenation of Cinnamaldehyde to Cinnamal
Alcohol over Platinum/Graphene Catalysts

Xiwang Ji,® Xiaoyu Niu,”’ Bo Li,*'¥ Qing Han,” Fulong Yuan,” Francisco Zaera,*™

Yujun Zhu,*® and Honggang Fu®

Catalysts made of Pt nanoparticles dispersed on graphene
(X wt%Pt/G, X=2.0, 3.5, and 5.0) were prepared and character-
ized by XRD, Raman spectroscopy, BET surface area measure-
ments, TEM, and X-ray photoelectron spectroscopy (XPS), and
a 3.5 wt% Pt supported on Vulcan Carbon catalyst (3.5 wt %Pt/
VC) was included as a reference. Although the mean Pt nano-
particle size is approximately 4.4 nm for all X wt%Pt/G and
3.5 wt%Pt/VC catalysts, cinnamal alcohol was produced with
high selectivity only with the graphene-supported catalysts:

Introduction

The selective hydrogenation of o,f-unsaturated carbonyl com-
pounds is of theoretical and practical significance.'® For in-
stance, the hydrogenation of cinnamaldehyde (CAL) can pro-
duce cinnamal alcohol (COL), hydrocinnamaldehyde (HALD),
and/or hydrocinnamal alcohol (HALC; Scheme 1), but the selec-
tive production of COL is difficult because the hydrogenation
of the C=C bond is thermodynamically favored over that of
the C=0 moiety."¥ Moreover, acetals and other unidentified
high-molecular-weight compounds can also be produced in
large quantities in these reactions.** Although much research
has already been focused on this issue, the selective hydroge-
nation of a,f3-unsaturated aldehydes remains a challenge.

The selective hydrogenation of o,f-unsaturated aldehydes
toward the unsaturated alcohol can be achieved with homoge-
neous catalysts such as metal hydrides, aluminium isopropox-
ide, and others.®” However, it is desirable to develop an equal-
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92% conversion and 88% selectivity toward cinnamal alcohol
were obtained with 3.5 wt%Pt/G. This catalyst also showed
good stability in recycling tests. The good selectivity observed
with the graphene-based catalysts is attributed to the higher
fraction of reduced surface Pt° atoms seen on the surface of
the Pt nanoparticles (determined by XPS). This interpretation is
consistent with DFT calculations. Additional - interactions
between cinnamaldehyde and graphene may also play a role
in the selective hydrogenation of cinnamaldehyde.

Hydrocinnamaldehyde (HALD) Hydrocinnamal alcohol (HALC)

Scheme 1. Hydrogenation of CAL.

ly selective heterogeneous catalyst as these are easier to
handle and separate from the products. To this end, a large
number of studies on supported catalysts based on Pt, Rh, Au,
Ru, and Pd active phases have been reported.®'? Cordier et al.
reported that the selectivity for COL production from CAL hy-
drogenation follows the sequence Os>Ir>Pt>Ru>Rh>
Pd,"*' a trend that was correlated with the width of the d-
band of the metal (Pd<Pt<Ir, Os). Many other studies have
targeted supported Pt catalysts because of their high activity
and moderate selectivity.

In addition to the different metals that can be used to con-
trol selectivity in CAL hydrogenation processes, the supports
may play an important role to define the selectivity. Indeed,
differences in activity and selectivity may be obtained by vary-
ing the nature of the interaction between the support and
nanoparticles (NPs). For instance, the selectivity toward COL
production may be enhanced by using reducible oxides such
as Ce0,,"™ Mn0,," Sn0,,"” Ti0,,"® and ZnO"™ because of the
electron transfer that takes place between these supports and
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the metallic phase. Moreover, weak Lewis sites on the support,
especially in the vicinity of the Pt NPs, may aid in the adsorp-
tion of CAL and HALD through an interaction of their polar car-
bonyl function (C=0).?>?" This adsorption mode could assist in
the preferential formation of alcohols.

In recent years, thanks to their unique structures and prop-
erties, advanced carbon materials such as carbon nanofibers
(CNF), carbon nanotubes (CNT), and graphene have attracted
a great deal of attention as possible materials for metal-free
heterogeneous catalysts,”*? electrochemical energy storage
devices,”¥ and fuel cells.*>?% In particular, graphene, a two-di-
mensional planar carbon material first obtained from graphite
in 2004, is regarded as a promising electrocatalytic materi-
al.”® Graphene can interact strongly with both transition
metals and aromatic compounds: theoretical calculations and
experimental results have indicated that some electron transfer
may occur between the supported Pt NPs and the graphene
support,””3? and thanks to the large m system of graphene,
guest molecules with 7t orbitals can be adsorbed readily on its
surface by m-m interactions.®"*? In one case, Li etal®¥ ex-
plained the excellent catalytic performance seen for the cata-
lytic reduction of 4-nitrophenol (4-NP) with a Au/graphene hy-
drogel solid by the high adsorption ability of graphene to-
wards 4-NP and a synergistic effect between the graphene and
the Au NPs.

In the hydrogenation of CAL, it could be envisioned that the
aromatic ring may interact through its m electrons with the
basal plane of graphene to facilitate a flat adsorption geome-
try,®¥ which provides a unique geometrical arrangement for
the potential selective hydrogenation of the carbonyl group by
adjacent Pt NPs. Indeed, previous publications of CAL hydroge-
nation on reduced graphene oxide catalysts have reported
a good selective performance.® However, the effect
of the Pt species and the interaction between Pt and
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Figure 1. XRD patterns of a) 3.5 wt%Pt/VC, b) 3.5 wt%Pt/G, and
) 3.5 Wt %Pt/G-r (recycled).

and 77.4° (110) correspond to the 2D in-plane symmetry
along the graphene sheets.®® Although some broad features
caused by carbon are seen in the XRD pattern of 3.5 wt%Pt/
VC, it is clear that the as-prepared graphene support has
a better crystallinity than the VC support. Additional diffraction
peaks were seen in the patterns of both catalysts at around
20=39.7, 464, and 67.5°, which correspond to the (111),
(200), and (220) crystalline planes of the face-centered cubic
(fcc) Pt particles, respectively.”® The average diameters of the
Pt NPs (calculated by using the full width at half maximum of
the Pt(111) reflection and Scherrer’s equation®”) are approxi-
mately 3.8 and 4.3 nm for 3.5 wt%Pt/VC and 3.5 wt%Pt/G, re-
spectively (Table 1).

reduced graphene oxide on the catalytic activity
were not discussed in detail.® To test this hypothe-

Table 1. Characterization of 3.5 wt%Pt/G and 3.5 wt %Pt/VC.

. Catalyst Seer Ptsize Ptsize Ip/ls¥ Content of Pt
sis, a number of Pt/graphene catalysts were prepared m?g 1  [ml®  [nm] species [%)/BE [eV]®
and used for the selective hydrogenation of CAL. The pt° Pt PtV
catalytic performance of the graphene support was '3 ;'\ ocpyc 57 44 43 029 61/714 29/726 10/749
contrasted with that of other more conventional |3swt%pyvc 198 39 38 12 42716 26/728 32/748
carbon-containing solids, and the effect of Pt loading | 3.5 wt%Pt/G-r" 56 44 44 032 59/714 29/724 12/749

was evaluated in terms of catalytic activity and selec-
tivity and interpreted with the help of theoretical
calculations.

[a] BET surface area. [b] Calculated from TEM images. [c] Calculated from the Pt(111)
XRD peak and Scherrer’s equation. [d] From Raman spectra. [e] Calculated from Pt4f
XPS spectra. [f] 3.5 wt %Pt/G after four consecutive catalytic runs.

Results
Catalyst characterization

Catalysts made of Pt NPs dispersed on graphene (X wt%Pt/G,
X=2.0, 3.5, and 5.0) were prepared, and a 3.5 wt% Pt support-
ed on Vulcan Carbon catalyst (3.5 wt%Pt/VC) was synthesized
as a reference. The XRD patterns obtained for 3.5 wt%Pt/G
and 3.5 wt%Pt/VC are shown in Figure 1. The diffraction peaks
seen at 260 =26.4 (002) and 54.6° (004) in the pattern of the
graphene-based sample are characteristic of the parallel gra-
phene layers, whereas the diffraction peaks at 26=42.5 (100)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Raman spectroscopy was used to investigate the degree of
crystallinity of the carbon supports (Figure 2). The two promi-
nent peaks seen in the Raman spectra shown in Figure 2, the
D #=1353cm™") and G (#=1560 cm™") bands, are usually as-
signed to the breathing mode of k-point phonons of A;; sym-
metry and the E,; phonons of sp>carbon atoms, respective-
Iy.2¥ It is well known that an increase in the D/G intensity ratio
(I/lg) indicates a lower degree of crystallinity in the graphite
materials. In our case Ip/l; of the VC sample (1.2) is much larger
than that of the catalyst with the graphene support (0.29).
Therefore, the Raman results revealed that the as-prepared
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Figure 2. Raman spectra of a) 3.5 wt %Pt/VC, b) 3.5 wt%Pt/G, and
c) 3.5 wt%Pt/G-r.

graphene catalyst has a higher degree of crystallinity than that
with the VC support, in agreement with the XRD analysis.
Electron microscopy was used to characterize both the mor-
phology of the carbon supports
and the structural details of the
Pt NPs (Figure 3). The supports
of 3.5 wt%Pt/G and 3.5 wt%Pt/
VC adopt preferential flake and
sphere morphologies, respec-
tively (SEM images in Figure 3a
and b). On graphene, the Pt NPs
are located mainly on the basal
planes (Figure 3b). Pt particle
size distributions were obtained
from TEM images such as those
shown in Figure 3c and e (for
3.5 wt%Pt/VC and 3.5 wt%Pt/G,
respectively) and are reported in
Figure 3i. Pt NPs of sizes of 3-6
and 2-5nm were detected for
3.5 wt%Pt/G and 3.5wt%Pt/VC,
respectively, and mean particle
size values of around (4.4+1.0)
and (3.9£0.9) nm were calculat-
ed for the two samples, close to
the estimates from the XRD data

(Table 1). The corresponding
high-resolution transmission
electron microscopy (HRTEM)

images of 3.5wt%Pt/VC and
3.5wt%Pt/G (Figure 3d and f, re-
spectively) display well-defined
lattice fringes for the Pt NPs
with lattice spacings of approxi-
mately 0.226-0.228 nm as ex-
pected for the (111) planes of Pt
single-crystals. An  additional
insert is also provided in Fig-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ure 3f to display the well-defined lattice fringes of graphene,
which in this case show a lattice spacing of 0.348 nm for the
002 planes of graphite. Sheet thicknesses of 6-18 layers were
observed for 3.5 wt%Pt/G. TEM results for 2.0 wt%Pt/G and
5.0 wt%Pt/G also show mean Pt NP sizes of approximately
4.4 nm (Figure S1), which indicates that the Pt particle sizes are
not affected by the Pt loading on the graphene support. XRD
results from 2.0 wt%Pt/G and 5.0 wt%Pt/G are consistent with
the TEM results (Figure S2 and Table S1).

The electronic structure of the Pt NPs was characterized by
X-ray photoelectron spectroscopy (XPS). The Pt4f XPS spectra
of 3.5 wt%Pt/VC and 3.5 wt %Pt/G are shown in Figure 4a and
b, respectively, together with their deconvolution into three
spin-split states obtained by fitting Gaussian peaks after Shir-
ley-background subtraction. Three chemically different species
were identified (Table 1), and the most intense pair of XPS
peaks (at binding energies (BEs) of 714 and 74.7 eV for
3.5 wt%Pt/G, BE=71.6 and 75.0 eV for 3.5 wt%Pt/VC) attribut-
able to metallic Pt°. The second Pt4f XPS doublet (BE=72.6
and 759eV for 3.5 wt%Pt/G, BE=72.8 and 76.1eV for
3.5 wt%Pt/VC) can be assigned to Pt", most likely from Pt in
the form of PtO and/or Pt(OH),, and the third pair (BE=74.9

Figure 3. SEM images of a) 3.5 wt%Pt/VC and b) 3.5 wt %Pt/G. TEM images of c,d) 3.5 wt %Pt/VC, e,f) 3.5 wt %Pt/G,
and g,h) 3.5 wt%Pt/G-r. ) Pt particle size distribution.
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Figure 4. Pt4f XPS spectra of a) 3.5 wt%Pt/VC, b) 3.5 wt %Pt/G, and
) 3.5 wt %Pt/G-r together with the spin-split peaks obtained by
deconvolution.

and 78.0eV for 3.5wt%Pt/G, BE=748 and 78.0eV for
3.5 wt%Pt/VC) to Pt", possibly Pt0,2*" As a reference, the
Pt4f XPS peak positions of unsupported Pt and Pt dispersed
on SiO, have been reported at BE=71.0 and 71.1 eV, respec-
tively.”>* In terms of quantitation of the composition of the
Pt NPs, the fractions of the surface Pt°, Pt", and PtV species on
3.5 wt%Pt/G and 3.5 wt%Pt/VC were estimated at 61/29/10%
and 42/26/32%, respectively, although these values may un-
derestimate the amount of metallic Pt, which may be located
mostly in the core of the NPs and, therefore, their photoelec-
trons may be partially shielded by the oxidized outer shell. In-
terestingly, the amount of Pt® on the graphene-supported cata-
lysts (61%) is higher than on the VC-supported catalysts
(=42%), and, in contrast, a much lower amount of PtV species
is observed for 3.5 wt%Pt/G. XPS data for 2.0 wt%Pt/G and
5.0 wt%Pt/G yielded values of 58 and 59% for the amount of
reduced Pt, respectively, the same (within experimental error)
as that of 3.5 wt%Pt/G (Figure S3 and Table S1).

Catalytic performance

The major products obtained from the hydrogenation of CAL
with our catalysts were COL, HALD, and HALC, as expected.
The main results from our kinetics studies are reported in
Table 2. Comparable overall conversions were obtained with
3.5 wt%Pt/G and 3.5 wt%Pt/VC, approximately 20% less with
3.5 wt%Pt/G in the first 2 h of reaction, even though the sur-
face area of 3.5 wt%Pt/G (57 m?g™") is much smaller than that
of 3.5 wt%Pt/VC (198 m*g~"). However, a significant difference
was seen in selectivity: COL accounted for 82% of the prod-
ucts with 3.5 wt%Pt/G, but only approximately 279% with
3.5 wt%Pt/VC. A minor increase in the hydrogenation of the
C=C bond to produce HALD was detected with the VC sup-
port, but the main difference was seen in the formation of
other side products, which amounted to only a few percent of
the converted CAL with 3.5 wt%Pt/G but more than half of the
conversion with 3.5 wt%Pt/VC. These trends held for longer re-
action times up to almost full conversion (Table 2). The selec-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2. Kinetic results from CAL hydrogenation over Pt/G and Pt/VC
catalysts.

Catalyst Conversion Selectivity
[%] [mol %]
coL HALD HALC Others'?
3.5 wt %Pt/G? 73 82 8 6 4
3.5 wt %Pt/VC® 89 27 10 5 58
3.5 wt %Pt/G® 92 88 3 7 2
3.5 wt %Pt/VC®! 93 27 9 7 57

[a] Reaction conditions: 50 mg 3.5 wt%Pt/G, 1.00 g CAL, 30 mL isopropa-
nol, 10 bar H,, 333K, 2 h. [b] Reaction conditions: 50 mg 3.5 wt%Pt/G,
1.00 g CAL, 30 mL isopropanol, 10 bar H,, 333 K, 4 h. [c] Includes 1-(3-pro-
poxyprop-1-enyl)benzene, cinnamyl formate, cinnamic acid, benzyl, cinna-
mate, 4,4-diphenylcyclohexa-1,5-dienyl acetate, and other condensation
products that could be identified by GC-MS because of their large molec-
ular weights.

tivity of the graphene-based catalysts did not vary significantly
as a function of Pt loading (Table S2).

More detailed kinetic runs for the CAL hydrogenation were
performed with 3.5 wt%Pt/G to extract the appropriate kinetic
parameters. The reaction rate was first order in CAL concentra-
tion (Figure 5a), consistent with results reported previous-
ly.">*1 An Arrhenius analysis of the pseudo-first-order reaction
constants calculated at three different temperatures yielded an
apparent activation energy (£, of 18.8 kimol™ (Figure 5b).
This value agreed with the findings of Oduro et al.,"*” who re-
ported an E, of 173 kJmol™ over unsupported PtCo
nanocrystals.

The graphene catalysts were quite stable as shown by the
data from recycling tests with 3.5 wt%Pt/G (Figure 6). After
a second use of the catalyst, without any pretreatment in be-
tween, the activity of 3.5 wt%Pt/G was almost unchanged, and
even after four cycles, the conversion of CAL declined only
from 73 to 64%. In addition, the selectivity toward COL pro-
duction increased slightly. Characterization by XRD (Figure 1¢),
Raman spectroscopy (Figure 2c), BET surface area measure-
ments (Table 1), TEM (Figure 3¢), and XPS (Figure 4¢) all indi-
cate minimal changes in the catalyst after four cycles: the Pt
particles still remain well dispersed, with a mean size of ap-
proximately (4.4+0.8) nm, and the composition of Pt surface
states also stays unchanged compared to that of fresh
3.5 Wt%Pt/G (Pt°=59 vs. 61%, Pt'=29 vs. 29%, PtY=12 vs.
10%).

To test the role of the aromatic ring in the reaction selectivi-
ty with the graphene-based catalysts, a few additional kinetic
runs were performed with crotonaldehyde (Table S3). Conver-
sion rates comparable to those with CAL were observed, but
the selectivity toward the unsaturated alcohol was lower in
this case. Specifically, only 32% of the crotonaldehyde convert-
ed with 3.5 wt%Pt/G produced crotonalcohol. In addition, the
kinetic hydrogenation reactions of furaldehyde, 3-(2-furyl)acro-
lein, and o-methylcinnamaldehyde were performed over
3.5 wt%Pt/G, respectively. High conversion was also observed
with a high selectivity to the product for the hydrogenation of
the C=0 bond. The conversion of furaldehyde, 3-(2-furyl)acro-
lein, and a-methylcinnamaldehyde was 86, 92, and 89%, re-
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Figure 5. a) Plot of In[CAL] versus reaction time for the conversion of CAL on
3.5 wt%Pt/G at three different temperatures. b) Arrhenius plot of the
pseudo-first-order rate constants extracted from the data shown in (a).
Reaction conditions: P=1.0 MPa, stirring speed =600 rpm, CAL=1.0g,
catalyst=3.5 wt%Pt/G (25 mg), isopropanol =30 mL.
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Figure 6. Stability test for 3.5 wt%Pt/G shown as performance versus
number of recycling runs. Reaction conditions: 50 mg 3.5 wt%Pt/G, 1.00 g
CAL, 30 mL isopropanol, 10 bar H,, 333 K, 2 h.

spectively, which corresponds to 95, 82, and 71% of the selec-
tivity for the hydrogenation of the C=0 bond (Tables S4-S6). It

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

would seem that the aromatic ring in CAL helps direct the hy-
drogenation of the C=0O bond on the graphene-based
catalysts.

DFT calculations

The effect of the oxidation state of the Pt surface atoms on
the catalytic activity and selectivity, suggested by the differen-
ces seen in the XPS data, was explored further by performing
first-principles calculations. The adsorption energies of the C=
O and C=C bonds of the CAL molecule on the top Pt atoms of
three different Pt clusters (Pt6, Pt10, and Pt13) supported on
a graphene sheet are shown in Figure 7, and the optimized

2.04
1.8 1

—

1.6
1.4 4
1.2
1.0 1
0.8+
0.6

Adsorption energy / eV

Pt6 Pt10

Pt13

Figure 7. Calculated adsorption energies for CAL molecules bonded on Pt6,
Pt10, and P13 clusters through their C=C (blue) and C=0 (red) bonds.

structures of the CAL molecule adsorbed on the clusters, ad-
sorbed through either the C=C or the C=0 bond, are provided
in Figure S4. Clearly, different trends are seen for the adsorp-
tion energies of CAL through the C=C and C=0 bonds: they
decreased gradually with increasing cluster size for adsorption
through the C=C bond, but remain approximately constant if
bonded through the C=0 bond adsorption. Importantly, the
relative stability of the C=C versus (=0 bond adsorption
modes flips with increasing cluster size: adsorption on small
clusters is dominated by interaction with the C=C bond, which
reverses with the Pt13 cluster. The implication is that larger
clusters may favor the C=0O-centered adsorption that leads to
selectivity toward COL formation. This trend may be under-
stood in terms of the electronic properties of the clusters,
which may be extracted from the partial density of states
(PDOS) of the supported Pt clusters on graphene (Figure 8).
The most significant change seen with increasing cluster size is
an increase in the metallic character of the valence band,
which leads to an increase in the percentage of Pt° in the
clusters.?%4

It can be concluded from these calculations that the adsorp-
tion energy of CAL through its C=C bond is much reduced
with the increase in metallic character that comes with increas-
ing Pt cluster size, and that adsorption through the C=0 bond
becomes favorable on larger Pt clusters. This hypothesis would
need to be tested in the future with experiments that measure

ChemCatChem 2014, 6, 3246-3253 3250
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Figure 8. Calculated PDOS of the Pt3d valence band for a) Pt6, b) Pt10, and
c) Pt13 clusters. Right: respective optimized structures of the three Pt clus-
ters on a graphene support. Color code: Yellow =Pt, gray =C.

selectivity versus Pt particle size. Certainly, selectivity in CAL
hydrogenation has already been shown to depend on particle
size,***® and it is reasonable to expect that the observed
trends are the result of changes in the adsorption mode for
the reactant, as suggested by our calculations. Moreover, on
Pt(111) surfaces, both theoretical calculations®*" and surface-
science experiments®*® have indicated a preference of the
bonding of unsaturated aldehydes through their C=0 bond, at
least under certain circumstances.

Discussion

In this report, we have provided characterization and catalytic
data to indicate that Pt catalysts dispersed on graphene sup-
ports are much more selective for the hydrogenation of CAL to
COL than equivalent catalysts made with other forms of
carbon. A previous report with a similar Pt catalyst supported
on reduced graphene oxide also described high selectivity
toward the formation of the unsaturated alcohol,* but the au-
thors ascribed their observations to the ability of graphene to
enhance the dispersion of the metal, whereas our data indicate
that this may not be a crucial factor. Indeed, according to the
results from our characterization studies, similar mean particle
size values were obtained for all the Pt/G catalysts (2.0 wt %Pt/
G, 3.5 wt%Pt/G, and 5.0 wt%Pt/G) and 3.5 wt%Pt/VC synthe-
sized here, but high selectivity was seen only with the gra-
phene-based samples. Two other factors may account for the
excellent selectivity to COL seen with the graphene-supported
catalysts. First, there is the effect of the Pt electron structure.
The XPS results indicate that the content of Pt® is higher on
the surface of 3.5 wt%Pt/G (61%) than on 3.5 wt %Pt/VC (42%;
Table 1). At the same time, the BE of the Pt4f,, peak for
3.5 wt%Pt/VC is higher, by approximately 0.3 eV, than that of
3.5 wt%Pt/G (BE=71.7 vs. 71.4 eV). Interestingly, there seems
to be a linear correlation between the amount of Pt° in the
X wt%Pt/G catalysts and their selectivity toward COL produc-
tion (Figure 9). These observations suggest that a zero-valent

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Pt surface is beneficial for the formation of unsaturated alco-
hols compared to a less reduced Pt surface. Also, it is clear that
the amount of Pt° in the catalyst has a larger influence on the
selectivity toward COL production than on the overall CAL
conversion. The DFT calculations suggest that this behavior
may be related to the relative adsorption energies of C=C
versus (=0 bonds, which appears to shift toward the latter in
larger and more metallic Pt clusters. Conversely, the oxidized
Pt atoms may contribute to the conversion of CAL to other
products. Specifically, the large fraction of PtV atoms seen on
3.5 wt%Pt/VC (32% versus 10% on 3.5 wt%Pt/G) may be re-
sponsible for the high-molecular-weight secondary products,
which amount to more than half of the total conversion.

In addition to the effect of the electronic states of the Pt
NPs, the special structure of the graphene support itself may
also play an important role in the selectivity to COLP**¥ The
Raman spectroscopy results (Figure 2 and Table 1) indicate that
the degree of crystallinity of the graphene support (//l;=0.29)
is higher than that of the VC support (//l;=1.2), which means
that the size of the graphene electronic network around
a given Pt NP is bigger than that of the VC support. Aromatic
rings can be adsorbed easily on the surface of graphene
through intermolecular m-m interactions.®" Therefore, the gra-
phene basal planes may interact with the benzene ring and
affect the adsorption of the CAL molecule through the termi-
nal C=0 bond. This synergy may lead to the observed higher
selectivity toward COL production. This hypothesis is support-
ed by the lower selectivity seen in the hydrogenation experi-
ments with crotonaldehyde using the same graphene-based
catalysts. It can be argued that the absence of an aromatic
moiety in this case prevents the molecule from adopting a pref-
erential adsorption geometry on the graphene support, and
that its hydrogenation is controlled mainly by the interaction
with the metal. In contrast, the bonding of the benzene ring in
CAL with the graphene may provide an additional constraint
on the access of the C=C bond to the Pt surface, which mini-
mizes the extent of its hydrogenation. The hydrogenation ex-
periments of 3-(2-furyl)acrolein and a-methylcinnamaldehyde,
which have mt bonds, also confirm this hypothesis.

ChemCatChem 2014, 6, 3246-3253 3251
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Conclusions

Graphene-supported Pt catalysts (Pt/G) have been prepared
and exhibit excellent catalytic performances in terms of selec-
tivity for the hydrogenation of unsaturated aldehydes. Specifi-
cally, high selectivity was observed for cinnamal alcohol (88 %)
production from cinnamaldehyde, much higher than that ach-
ieved with Pt catalysts dispersed on other forms of carbon.
This special catalytic performance has been attributed to
a strong electronic interaction between the Pt nanoparticles
and the graphene, which leads to the creation of a much
larger fraction of metallic Pt® surface sites. Indeed, the experi-
mental results suggest that the larger the fraction of Pt° sites
on the surface of the Pt/G catalyst, the higher its selectivity
toward cinnamal alcohol production. Also, DFT calculations in-
dicated that cinnamaldehyde adsorption through its C=0
bond becomes more favorable with the increasing metallic
character of the Pt clusters. In addition, the special electronic
structure of the graphene support itself, which favors intermo-
lecular m—m interactions with aromatic molecules such as cin-
namaldehyde, is also likely to play an important role in the se-
lectivity toward cinnamal alcohol.

Experimental Section
Catalyst preparation

The graphene support was prepared by an in situ self-generating
template route described previously.*® Briefly, polyacrylic weak-
acid cation-exchanged resin (PWAC) was added to aqueous
FeCl,;7H,0, the solution was stirred for 10 h under N,, and the
solid was separated by centrifugation. This process was repeated
four times. The solid was collected after two washing/centrifuga-
tion cycles and dried under vacuum. The solid was then carbonized
at 1100°C for 0.5 h under N,. To remove the Fe species thoroughly,
the sample was treated in 10% HCI at 90°C for 8 h. The solids
were separated by several additional washing/centrifugation
cycles, and then dried in a vacuum oven at 80°C for 6 h. The gra-
phene sample is denoted as G.

The 3.5 wt%Pt/graphene catalyst was prepared according to a pro-
cedure described earlier.*® Typically, graphene (0.50 g) was sus-
pended in deionized water (50 mL) and ultrasonicated for 0.5 h to
form a dispersed slurry. A solution of H,PtCl:6H,0 (4.65g,
19.31 mmolL™") was added to the slurry, and the concentration of
Pt precursor was kept at ~#2 mmolL™". The slurry was ultrasonicat-
ed for 0.5 h and then placed in an ice bath with vigorous stirring
for another 0.5 h. The temperature of the ice bath was kept at 2-
4°C, and the pH was adjusted to 8.0 by using NaOH solution
(0.1 molL™"). Afterwards, an excess of NaBH, (0.4molL™") was
added to the mixture, which was mixed vigorously in the ice bath
using high-speed stirring for 3 h and kept in the ice bath for an-
other 10 h. Finally, 3.5 wt%Pt/G was obtained after filtration, wash-
ing with deionized water until no chloride was detected, washing
with ethanol, and drying at 60°C for 10h. The 2.0 wt%Pt/G,
5.0 wt%Pt/G, and 3.5 wt %Pt/VC catalysts were prepared by follow-
ing the same method.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Catalyst characterization

XRD analysis of the catalysts was performed by using a Rigaku D/
max-llIB diffractometer with a CuK, (1=1.5406 A) radiation source
set at a total power of 40 kV and 20 mA. Raman spectra were re-
corded by using a Jobin Yvon HR 800 micro-Raman spectrometer
and a=457.9 nm excitation source. The laser beam was focused
on the sample with a 50x objective. XPS studies were performed
by using a Kratos-AXIS ULTRA DLD with an AIK, radiation source.
Conventional TEM experiments were performed by using a JOEL
model JEM-210 electron microscope working with an acceleration
voltage of 200 kV. SEM images were acquired by using a Hitachi S-
4800 field-emission electron microscope at 20 kV. The surface areas
were derived from N, sorption measurements at 77 K by using a Mi-
cromeritics Tristar 3000 physisorption instrument. In each case, the
sample was degassed under vacuum at 423 K for 4 h before the
measurements.

Reaction procedure

The activity of all catalysts was measured in a 100 mL stirred auto-
clave. The catalyst (50 mg) was immersed in isopropanol (15 mL;
analytical reagent grade). After removing traces of dissolved O, by
flushing three times with N, at 5 bar and three times with H, at
5 bar, 10 bar of H, was added, and the temperature was increased
to 383 K. The catalyst was kept under those conditions for 1 h for
activation. A mixture of CAL (1.00 g) and isopropanol (15 mL) was
then added to the autoclave. After flushing again three times with
N, at 5 bar and three times with H, at 5 bar, the reaction was al-
lowed to proceed at 333 K under 10 bar of H,. The hydrogenation
reactions of crotonaldehyde, furaldehyde, a-methylcinnamalde-
hyde, and 3-(2-furyl)acrolein were the same as above. Detailed re-
action conditions are given in each table foot. The products were
analyzed by GC (Agilent 7820 A) with flame ionization detection
(FID) and an HP-5 capillary column (30 mx0.32 mm x0.25 pm). The
products were further identified by GC-MS (Agilent 6890/5973N).

DFT computations

The calculations reported here were performed by using periodic,
spin-polarized DFT as implemented in the Vienna ab initio program
package (VASP).>>*¢! The electron—ion interactions were described
by using the projector augmented wave (PAW) method proposed
by Bléchl®” and implemented by Kresse.”® The PBE functional®
was used as the exchange-correlation functional approximation
and a plane wave basis set with an energy cutoff of 400 eV was
employed. Only the gamma point was used in the brillouin zone
sampling. All atoms were allowed to relax during the structure op-
timization, and no symmetry was imposed. The optimization was
stopped when the maximum force on the atoms was smaller than
0.05eVA~". A 7x7 cell was used for graphene in the calculations,
amounting to 98 carbon atoms. The distance between neighboring
cells was 12 A. Three different Pt clusters supported on the gra-
phene were studied, with 6 (Pt6), 10 (Pt10), and 13 (Pt13) Pt
atoms. The adsorption energy of CAL was calculated as [Eq. (1)]:

Adsorption energy = Eca +Epi/c—Ecar/p/a (1)

in which Eca, Epye, and Ecapy are the total energy of the CAL mol-
ecule, the Pt clusters supported on the graphene, and the ad-
sorbed CAL on the supported Pt clusters, respectively.
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