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Abstract

Selective hydrogenation of crotonaldehyde to crotyl alcohol over PDA (polydopamine) modified Co;0O, supported Pt cata-
lysts was investigated in liquid phase. The catalysts which contain PDA and Co;0, lead to the formation of two kinds of
interfaces: Pt-PDA and Pt-Co;0,, which greatly improves the performance in the hydrogenation of crotonaldehyde. TEM
results reveal that the Pt nanoparticles of Pt/Co;0,@PDA have a smaller size and better dispersion than Pt/Co;0,. XPS,
FT-IR and CO-DRIFTs results indicate that the addition of PDA decreases the electron density of Pt which is favor to the
hydrogenation of C=0 in crotonaldehyde. The characterization results demonstrate that the interaction between Pt and PDA
creates new active interfacial sites and the synergy of Pt-PDA and Pt-Co;0, is responsible for the excellent performance.
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1 Introduction

Selective hydrogenation of o,B-unsaturated aldehydes
to o,B-unsaturated alcohols is a pivotal tactic both in the
academic research and industry applications because the
unsaturated alcohols are widely used in organic synthe-
sis, pharmaceutical industries, cosmetics and foods, which
has recently attracted extensive research interest [1-3].
Usually, the hydrogenation of crotonaldehyde, one of the
o,p-unsaturated aldehydes, can produce three products by
selectively reducing the C=C or C=0 bond, or both bonds
[4], as shown in Scheme 1. However, achieving high selec-
tivity for the desired unsaturated alcohols is challenging as
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Scheme 1 Reaction pathway of crotonaldehyde hydrogenation

the hydrogenation of C=C group in reactant molecules is
thermodynamically more than the C=0 bond [5-7]. Tradi-
tionally, the main method of industrial production of crotyl
alcohol (CROL) is to use strong reducing agents such as
LiAlH, and NaBH, to reduce crotonaldehyde. Although
a high yield of crotyl alcohol could be obtained by using
strong reducing agents, its high energy consumption and
difficult separation of products limit its applications. Instead,
heterogeneous catalytic hydrogenation using H, as a hydro-
gen source is a very promising method, which is more envi-
ronmentally friendly and economical than metal hydrides.
Therefore, many research groups focus on supported noble
metal catalysts, such as Au [8], Pt [9] and Ir [10]. However,
it is difficult for these single-metal catalysts to obtain high
selectivity to crotyl alcohol, so optimizing the catalyst struc-
ture is the key to improving the selectivity of crotyl alcohol.

It is well known that the adsorption mode of crotonal-
dehyde on the catalysts surface is closely related to the dis-
tribution of the product. The adsorption of crotonaldehyde
through C=0 is favor to the production of crotyl alcohol
while through C=C bond leads to the formation of butyral-
dehyde. Therefore, in order to obtain high selectivity to cro-
tyl alcohol, it is necessary to make crotonaldehyde mainly
adsorbed through C=0 double bond. Over the past decades,
significant efforts have been made to improve the selectivity
of crotyl alcohol. Among these, bimetallic catalysts (such as
PtSn [11], PtFe [12]) and catalysts supported by reducible
oxides that present the metal support interaction effect (such
as Pt/TiO, [13], Pt/CeO, [14]) were proven to be effective
catalysts because of structural and electronic effects. For
example, Wang [15] et al. prepared PtCo/CNT bimetallic
catalysts and proposed that the presence of carbon nano-
tubes promoted the electron transfer between Pt and Co, thus
the selectivity to a,p-unsaturated alcohol was improved by
changing the adsorption mode of a,f-unsaturated aldehydes.
Vannice [16] et al. proposed that the metal support interfa-
cial sites between Pt and TiO, can improve the selectivity
to crotyl alcohol by polarizing C=0 bond of substrates. In
addition, the selectivity of unsaturated alcohols can also be
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improved by adding a promoter to the catalyst to design a
suitable interface. For example, Ir-MoO,/BN catalysts pre-
sented high selectivity for crotyl alcohol due to the forma-
tion of Ir-MoO, interfacial sites, which is favor to adsorb
crotonaldehyde through C=0 bond. Such strategy of design-
ing new interfacial sites has been studied in many systems
[17-22].

In the present work, novel polydopamine (PDA) modi-
fied Co;0, nanoparticles (named Co,;0,@PDA) were suc-
cessfully synthesized and Co;0,@PDA nanoparticles were
impregnated with Pt to prepare the Pt/-Co;0,@PDA cata-
lysts. The selective hydrogenation of crotonaldehyde in lig-
uid phase was chosen as the model reaction and the catalytic
performance of the modified catalysts was compared with
Pt/Co;0,. The catalytic performance shows that Pt/Co;0,@
PDA exhibits excellent selectivity for crotyl alcohol. The
characterization results reveal that Pt/Co;0,@PDA contains
two kinds of interfaces: Pt-PDA and Pt-Co;0,, which are
responsible for the enhanced performance.

2 Experimental
2.1 Materials

Chloroplatinic acid hexahydrate (H,PtCls-6H,0) was pur-
chased from the Sinopharm Chemical Reagent Co., Ltd.,
China. Dopamine (DA) hydrochloride was provided by
Aladdin Co., Ltd., China. Hydrochloric acid (HCI), cobalt
oxide (CoO) and trometamol (C,H,;;NO;) were purchased
from Chengdu Kelong Chemical Co., Ltd., China. Ethylene
glycol (C,H0O,), absolute ethanol (C,H;OH), crotonalde-
hyde, cinnamaldehyde, furfural, and methacrylaldehyde
were purchased from Tianjin Bohua Chemical Reagent Co.,
Ltd., China.

2.2 Synthesis of Co;0,@PDA Nanoparticles

As previously reported in the literature dopamine can
self-polymerize and deposit polydopamine on the surface
of many materials such as TiO,, Al,O; in basic solution
[23]. In a typical synthesis, Co;0, was prepared by heat-
ing CoO to 400 °C at a ramp rate of 5 °C /min and kept for
2 h in the muffle furnace. Then 0.5 g Co;0, nanoparticles
were dispersed in 15 mL Tris—HCI (pH 8.5) solution by
magnetic stirring for 10 min to form a suspension. Subse-
quently, 30 mg dopamine was added to the mixture under
stirring to form 2 g/L. dopamine mixture. The mixture was
subjected to continuous magnetic stirring at ambient tem-
perature for 24 h. Afterwards, the precipitates were collected
by centrifugation, then washed four times with deionized
water and one time with ethanol. Finally, the composite
was dried at 65 °C in vacuum oven for 12 h and denoted
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as Co;0,@6wt%PDA (6wt% is the mass ratio of dopamine
to Co;0,). The Co,0,@4wt%PDA, Co;0,@8wt%PDA and
C0,0,@10wt%PDA were prepared in the similar method by
changing the amount of Tris—HCI solution and dopamine.

2.3 Synthesis of Pt-Based Catalysts

The supported Pt/Co;0,@6wt%PDA catalyst was prepared
by impregnating Co;0,@6wt%PDA with the ethanol solu-
tion of H,PtCls-6H,0. In detail, 0.25 g Co;0,@6wt%PDA
was added to the 6 mL 1.85 g/L ethanol solution of
H,PtCl4-6H,0 in 25 mL round flask. Then the suspension
was stirred 30 min and maintained for 24 h at room tempera-
ture, thereafter the excessive solvent was removed by evapo-
rated at 80 °C. Arter cooling to room temperature, 4 mL
ethylene glycol was added to the round flask and heated to
80 °C kept 10 min then heating to 110 °C and reflux con-
densation for 4 h. Afterwards, the catalysts were collected
by centrifugation and washed four times with deionized
water and one time with ethanol. Finally, the composite was
dried at 65 °C in vacuum oven for 12 h and denoted as Pt/
C05;0,@6wt%PDA. The Pt/Co;0,, Pt/C0o;0,@4wt%PDA,
Pt/Co;0,@8wt%PDA and Pt/Co;0,@ 10wt%PDA were pre-
pared in the similar way by changing the support.

2.4 Catalyst Characterizations

Transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) were performed on
the TECNAI G2 F20 high-resolution transmission electron
microscopy under a working voltage of 200 kV. Filed emis-
sion scanning electron microscopy (FESEM) was performed
on the HITACHI SU8020 microscopy.

X-ray diffractograms (XRD) measurements were carried
out on an X’Pert Pro Multipurpose diffractometer (PANa-
lytical, Inc.) with Ni-filtered Cu Ka radiation (0.15406 nm)
from 10° to 80° operated at 40 kV and 20 mA. Nitrogen
adsorption and desorption isotherms of samples were
recorded on an Anton Paar analyzer (Quantachrome Instru-
ments U.S.) at 77 K. The specific surface area was calculated
via the Brunauer—-Emmett-Teller (BET) method. Prior to
test, the samples were degassed at 180 °C for 2 h.

X-ray photoelectron spectroscopy (XPS) of the samples
were performed on a Thermo Scientific ESCALAB250xi
spectrometer. All binding energy (BE) values were refer-
enced to the Cls peak of contaminant carbon at 284.8 eV
with an uncertainty of +0.2 eV. The thermogravimetric-
differential scanning calorimetry (TG-DSC) analyses of
samples were performed on a NETZSCH STA 449F3 ther-
mogravimetric analyzer from room temperature to 800 °C
with a ramping rate of 10 °C/min under air atmosphere.

H,-TPD measurements were performed on using a
ChemBET Pulsar TPR/TPD analyzer with a mass detector

(LC-D200M). 200 mg of catalysts were pretreated at
200 °C in He flow (30 mL/min) for 1 h prior to analysis,
thereafter they were cooled to 25 °C. After that, He was
replaced by 7% H, in Ar (30 mL/min), the temperature was
raised to 70 °C and maintained for 1 h. Subsequently, the
H, desorption peaks were collected under He gas (30 mL/
min) at a ramp rate of 10 °C/min to 900 °C after the mass
spectrometer signal stabilized.

The FT-IR studies were performed using a Nicolet iS50
FT-IR spectrometer. Diffuse reflectance infrared Fourier
transform (DRIFT) spectra of CO chemisorption on the
catalysts were recorded using an FT-IR spectrometer
(Nicolet iIS50) equipped with a MCT detector and a PIKE
DRIFT accessory. Prior to the measurement, the catalysts
were pretreated in a N, flow (20 mL/min) at 150 °C for
60 min. Then the samples were cooled down to 40 °C and
the backgrounds were collected. After that, the samples
were exposed to a 10% CO in N, (20 mL/min) for 30 min
and purged by N, flow for another 30 min. The spectra
were recorded with subtracted the background at the cor-
responding time. In all cases the spectra were taken with
a resolution of 4 cm™! and cumulative 64 scans.

The Pt content analysis of different catalysts was per-
formed using an inductively coupled plasma-optical emis-
sion spectrophotometer (ICP-OES, Thermo Electron IRIS
Intrepid IT XSP, USA).

2.5 Catalytic Hydrogenation

The hydrogenation of crotonaldehyde in liquid phase was
performed in a 25 mL high-pressure autoclave with mag-
netic stirrer. For a typical catalytic hydrogenation, 0.02 g
of catalysts and 0.1 mL of crotonaldehyde were added in
5 mL of ethanol. Then the autoclave was purged four times
with hydrogen. After that, the reaction was performed in
the reactor charged with 2.0 MPa H, at 70 °C for 1 h with
vigorous stirring at 500 rpm. Finally, the products were
separated by centrifugation and analyzed by GC-MS. The
conversion (Conv.) of crotonaldehyde and selectivity (Sel.)
of products were defined as follows:

nC,4HgOy, — nC,HsO,

Conv. (C,H,O) = CHO
4H6Y0)

x 100% (1)

n
Sel. (X) = X
nC4HeO o) — nC4HcOy;)

x 100% (2)

where nC,HqO () and nC,HgO;) are the moles of the initial
and residual crotonaldehyde, respectively. The n, was the
mole of the product.
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3 Results
3.1 X-Ray Diffraction

The XRD patterns of the synthesized Co;0,4, Pt/Co50,,
C05;0,@6wt%PDA and Pt/Co;0,@PDA are shown in
Fig. 1a. A series of diffraction peaks located at 19°, 31.27°,
36.85°,44.81°, 59.35° and 65.23° were observed in the XRD
patterns of all samples. These peaks correspond to the (111),
(220), (311), (400), (511) and (440) planes of cobalt oxide
crystals (JCPDS No. 43-1003), respectively [24]. However,
no typical diffraction peaks of Pt species were observed over
supported Pt catalysts, demonstrating that the Pt species are
highly dispersed on the catalysts surface owing to low Pt
addition.

3.2 Nitrogen Adsorption-Desorption Isotherms
and ICP

N, adsorption—desorption characterization was performed
to measure porosity of catalysts and the results are shown
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in Fig. 1b and Table 1. As shown, the samples presented
the typical type-IV isotherm with hysteresis loops, which
indicated that the catalysts contain mesoporous structure.
The BET surface area of the synthesized catalysts gradually
increased from 17.4 m%*/g of Pt/Co;0, to 47.0 m?/g of Pt/
C0;0,@10wt%PDA with the increase of dopamine input,
as shown in Table 1. It was reported that the polydopa-
mine can present the intrinsic pore structure with the main
pore size ranging from 1.7 to 5.5 nm [25]. Therefore, the
modified catalyst may have more pores leading to the spe-
cific surface area increased deriving from PDA coating on
Co50,. In addition, all samples showed the similar average
pore size and gentle volcano-type change of pore volume
as PDA increasing. Moreover, the content of Pt in catalysts
was tested by ICP analysis, as shown in Table 1, which were
well controlled between 1.0 and 1.3%.

3.3 SEM and TEM

Scanning electron microscopy (SEM) images of Co;0,
and Co;0,@6wt%PDA showed that the particles were
generated from the agglomeration of smaller particles

b

—-o—Pt/Co,0,
—o—Pt/Co,0,@4wt% PDA
—Q—Pt/Co_‘O‘(Eﬁwt% PDA
—o—Pt/Co,0,@8wt% PDA
—o—Pt/Co,0,@10Wt% P

Intensity
i

20 40 60 0.0 0.2 0.4 0.6 0.8 1.0
20 () P/P
Fig. 1 XRD patterns of different samples (a), N, adsorption—desorption isotherms of samples (b)
Table 1 Phy sfic}c])chemilcal Catalyst SgET (mZ/g) Vp (cm’/ 2) D p (nm) Ptloading  Content of Pt
parameters of the catalysts made (Wt%) species (%)*
in this study
P’ Pt
Pt/Co;0, 17.4 0.091 1.7 1.1 61.8 38.2
Pt/Co;0,@4wt%PDA 30.5 0.102 1.7 1.2 57.2 42.8
Pt/C0,0,@6wt%PDA 41.6 0.118 1.7 1.0 42.6 574
Pt/C0,0,@8wt%PDA 449 0.104 1.7 1.1 40.3 59.7
Pt/Co;0,@10wt%PDA 47.0 0.087 1.7 1.3 38.8 61.2
4Calculated by XPS
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and the SEM images of Co;0, were similar to those of
C0,;0,@6wt%PDA, indicating that Co;O, morphology was
maintained during modification (Fig. 2a, b). Transmission
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electron microscopy (TEM) images of samples with different
amounts of PDA showed that Pt nanoparticles of the modi-
fied catalysts have better dispersibility and smaller particle

Fig.2 SEM images of Co;0, (a), Co;0,@6wt%PDA (b) and TEM of Pt/Co;0, c), Pt/Co;0,@4wt%PDA (d), Pt/Co;0,@6wt%PDA (e), Pt/

Co;0,@8wt%PDA (f), the Pt particle sizes distribution of each samples (g)
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size (Fig. 2d—f, ~ 1.5 nm) than the unmodified (~ 1.9 nm)
catalyst (Fig. 2c). This is mainly because the nitrogen-
containing functional groups of PDA exhibited an excellent
metal-binding ability for absorbing PtCl>~ ions onto the
surface of the support [26], which is favor to the dispersion
of Pt nanoparticles.

The HRTEM image of Pt/Co;0,@6wt%PDA showed the
oriented and ordered fringe pattern. The d-spacing value of
0.24 nm is consistent with that of Co;0,(111) planes. Fur-
thermore, the EDS mappings of the Pt/Co;0,@6wt%PDA
were also investigated, as shown in Fig. 3b, and suggested
that the elements of Pt, O, C, Co, and N distribute homoge-
neously within the microsphere. In addition, the existence
of N indicated that PDA modified the Co;0, successfully.
Comparing these mappings carefully, it can be seen that Pt
might interact with PDA besides Co.

3.4 TG-DSC

In order to confirm the actual amount of PDA in different
catalysts, thermogravimetric analysis was performed. As
shown in Fig. 4, a weight loss below 200 °C is attributed to
the removal of the impurities such as adsorbed water or gas
molecules. It is worth noting that a major weight loss takes
place between 200 and 310 °C which can be attributed to
the thermal decomposition of polydopamine for all samples.
At the same time, an accompanying exothermal peak was
enhanced with the increase of PDA from 4 to 10% in the
sample. The corresponding weight loss from 3.3 to 7.7%
was close to the theoretical value.

3.5 H,-TPD

H,-spillover plays an important role in the hydrogenation
reactions by increasing the availability of adsorbed H, on
the catalyst surface, which can facilitate the hydrogena-
tion of substrates. H,-TPD was performed to distinguish

the characteristics of the catalysts containing different PDA
amounts. As shown in Fig. 5, the H,-TPD profiles present
high temperature (>400 °C) and low temperature (<400
°C) desorption regions. The Pt/Co;0, catalyst only exhibits
one H, desorption peak in the low temperature regions at the
top of 310 °C, whereas the Pt/Co;0,@6wt%PDA presents
two H, desorption peaks in the low temperature regions
at the top of 270 °C, 340 °C and one desorption peak in
the high temperature regions at the top of 420 °C. Simi-
larly, high temperature H, desorption peaks appear in Pt/
C0;0,@4%PDA and Pt/C0;0,@8%PDA, as shown in Fig.
S1. Furthermore, the decomposition of PDA at this region
was excluded through control test. In general, weak hydro-
gen adsorption on the catalyst presents low temperature des-
orption peaks, whereas high temperature desorption peaks
are attributed to spillover or subsurface hydrogen adsorption
[27-29]. Thus, the PDA modified catalysts increase both
weak H, adsorption sites and strong H, adsorption sites
which may facilitate the hydrogenation of crotonaldehyde.

3.6 XPS

The electronic state of metal nanoparticles has a great
influence on the catalytic performance of o,p-unsaturated
aldehyde selective hydrogenation to a,f-unsaturated alco-
hol [30-32]. XPS was applied to characterize the surface
electron density of Pt and N atoms in PDA modified Co;0,
supported Pt catalysts. As shown in Fig. 6a and Fig. S2, Pt
41, spectra can be resolved into two components at BEs of
71.3-71.5 eV and 72.1-72.9 eV, attributed to metallic Pt°
and oxidized Pt>" species, respectively [33—36]. The results
showed that after the PDA promotion the BEs of the metallic
Pt’ shift to higher values by 0.2-0.4 eV and the BEs of the
oxidized Pt>* shift to higher values by 0.8 eV, demonstrating
the interaction between Pt and PDA. The N1s spectrum is
composed of two subpeaks at BEs of 399.1-399.4 eV and
400.2-400.4 eV corresponding to pyridinic and pyrrolic N

Fig.3 HRTEM image and corresponding elemental mappings of Pt/Co;0,@6wt%PDA (The scale bar of image a is 5 nm)
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Fig.5 H,-TPD profiles of Pt/Co;0, (a), and Pt/Co;0,@6wt%PDA (b) of mass spectrometry signal
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Fig.6 XPS profiles of different catalysts of Pt 4f (a), N 1 s (b)

species, respectively [37, 38]. The BEs of pyridinic and pyr-
rolic N slightly shift to lower valves by 0.2-0.3 eV after
supported Pt, which indicates the charge transfer from Pt
to PDA. In addition, with the increase of PDA amount to
10 wt%, the fraction of surface Pt>" species (determined by
XPS) increased from 38.2 to 61.2%, shown in Table 1.

3.7 FT-IR

In order to further investigate the interaction between Pt
and N groups FT-IR was conducted. As shown in Fig. 7a in
the Co,0,@6wt%PDA spectrum, a new peak at 1498 cm™!
emerged in comparison with Co;O, which can be ascribed
to the shearing vibration of N—H groups in PDA [39]. It is
well known that the Pt-N interaction can cause a shift of

Nls

-NH- 400.4 _N= 3994

Intensity

-t . v L v 5L 7555
408 406 404 402 400 398 396 394 392
Binding Energy(eV)

N-H wavenumber [40]. In fact, a blue shift of N-H vibra-
tion peak to 1507 cm™! can be observed after Pt was loaded
on Co,0,@6wt%PDA, which indicated that N-H bond was
weakened and the electron charge transferred from Pt to N
groups, similar to the XPS results.

3.8 CO-DRIFTs

In order to further probe the electronic states of the Pt spe-
cies in the catalysts CO-DRIFTS experiments were per-
formed. As shown in Fig. 7b and Fig. S3, evacuation with
time leads to the gradual disappearance of gas phase CO
absorbed at 2170 cm™' [41]. The Pt/Co,0, catalyst only
presents one peak at~2070 cm™! after N, evacuated 30 min
which can be attributed to CO linearly adsorbed on P [42].

Fig.7 FT-IR (a) and CO- a 2080
DRIFTs (b) of different b 2183, 2063
catalysts Pt/C0,0,@10wt%PDA |/
Pt/C03O 4@6wt%PDA & N-H 0;0,@10w J,,l
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= C03O 4@6wt%PDA z |
m '5 :
S 3 N-H g !
= ' 1498cm™ E |
e |
C03O A
-—_—_’—\[\/\’\/\M Pt/Co,0,@4wt%PDA x2
T 1 L 1 T  B—— ) . L\_,.
2400 2100 1800 1500 1200 900 Pt/Co;0, A0
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@ Springer

— T T T T
2800 2600 2400 2200 2000 1800
Wavenumbercm™)



Dual Interface Synergistic Catalysis: The Selective Hydrogenation of Crotonaldehyde Over... 973

Whereas, the PDA modified catalysts display three peaks
at~2061 cm™',~2080 cm™" and~2103 cm™" which can be
assigned to CO linearly adsorbed on smaller Pt® [43], lower
electron density Pt® and oxidized Pt®* [44], respectively. It is
known that small particles possess low Pt coordination and
CO adsorption on these sites presents lower wavenumbers,
and the stretching frequency of CO adsorbed on a metal
surface is also sensitive to the surface electron states of Pt
by affecting the back donation of electrons from Pt to the
antibonding 2w-orbitals of adsorbed CO [42]. Indeed, the
electronic properties and the structure of Pt have been modi-
fied by the addition of PDA. Thus, both red shift and blue
shift can be observed in Fig. 7b comparing Pt/Co;0, and
PtCo;0,@PDA implying the strong interaction between Pt
and N groups which created smaller Pt nanoparticles and
lower electron density Pt nanoparticles, consistent with
TEM, FT-IR and XPS.

3.9 Catalytic Performance

In order to evaluate the catalytic performance of Pt/Co;0,
and Pt/Co;0,@PDA, the hydrogenation of crotonaldehyde
was performed at 70 °C, 2 MPa H, and 1 h. As shown in
Fig. 8, the Pt/Co;0, and the series of Pt/Co;0,@PDA cata-
lysts with PDA content from 4 to 8wt% presented similar
conversions. However, when the PDA content was fur-
ther increased to 10wt% the conversion of crotonaldehyde
declined. Regarding the selectivity, the Pt/Co;0, catalyst
delivered a 47.8% selectivity to the crotyl alcohol, which
caused by the metal support interaction effect between Pt
and Co;0,. After adding PDA to the catalyst, the selectivity
to crotyl alcohol gradually increases and reaches a maximum
(69.9%) at the PDA content of 6wt% (Pt/Co;0,@6wt%PDA)
which indicate that the modification of PDA is more favora-
ble for C=0 hydrogenation than C=C. When further
increased the PDA content to 10 wt% the selectivity to crotyl

alcohol was reduced to 53.8% caused by more others forma-
tion (7.2wt%, such as Cq compounds formed by polymeriza-
tion). In addition, the rate of crotyl alcohol formation also
reaches a maximum (1757 mmol g_lPt h~") at the PDA con-
tent of 6wt% (Pt/Co,0,@6wt%PDA), as shown in Table S1.
Furthermore, the Pt/SiO, and Pt/SiO, @4wt%PDA were also
prepared and evaluated as control catalysts. The Pt/SiO, and
Pt/Si0, @4wt%PDA exhibited the higher conversion but a
lower selectivity to crotyl alcohol compared with Pt/Co;0,
and Pt/Co;0,@PDA catalysts. This is mainly because the
Si0, is an inert support and has no impact on the catalytic
reactions occurring on the Pt nanoparticle surface [45].
Interestingly, Pt/SiO,@4wt%PDA delivered the highest con-
version of 100% but no crotyl alcohol product which implied
the role of H, spillover caused by the interface of Pt-PDA.
In addition, the effects of reaction temperature, time and
pressure were also investigated over Pt/Co,0,@6wt%PDA.
As shown in Fig. 9a, with the temperature increases the
conversion of crotonaldehyde increases from 26.9 (30 °C)
to 75.5% (100 °C). However, the selectivity to crotyl alco-
hol declines from 72.6 (30 °C) to 42.7% (100 °C) due to
the over hydrogenation generating more 1-butanol [46],
which suggest that at a relatively low temperatures Pt/
Co;,0,@6wt%PDA catalyzed hydrogenation of C=0 is more
favorable than that of C=C. With increasing reaction time
from 1 to 5 h the conversion of crotonaldehyde increased
from 41.4 t075.9%, nevertheless selectivity to crotyl alcohol
slightly decreased from 69.9 to 61.9%. The effect of H, pres-
sure was then evaluated under 70 °C and 1 h. As shown in
Fig. 9c, increasing H, pressure from 1 to 3 MPa leads to an
increase in crotonaldehyde conversion from 31.6 to 53.9%.
Furthermore, the selectivity to crotyl alcohol increased
slightly from 67.1 to 69.9% and decreased to 64.5% with
further increased H, pressure to 3 MPa caused by the over
hydrogenation of crotonaldehyde to form1-butanol. More
importantly, the formation rate of crotyl alcohol enhanced

Fig.8 Catalytic performance
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Fig.9 Effect of reaction temperature (1 h, 2 MPa H,) (a), reac-
tion time (70 °C, 2 MPa H, (b), H, pressure (70 °C, 1 h) (c¢) on Pt/
Co;0,@6wWt%PDA catalyzed selective hydrogenation of crotonalde-

constantly as crotonaldehyde conversion increased under
fixing reaction time even as high as 2100 mmol-g~!' Pt-h™!
or more (Fig. 9¢), which suggested that the selective hydro-
genation of crotonaldehyde was effectively promoted over
Pt/Co;0,@6wt%PDA. The comparative experiment of Pt/
Co50,, Pt/C0,;0,@6wWt%PDA and Pt/C0;0,@8wt%PDA at
70 °C, 2Mpa H, and 2 h was carried out (Table S2) to fur-
ther distinguish the catalytic performance. It can be seen
that the conversion increased by about 10% and the selec-
tivity just decreased by about 3% for Pt/Co;0, compared
with 1 h. In addition, the crotyl alcohol selectivity of Pt/
Co;0,@8wt%PDA suffered from a serious decline by com-
paring with 1 h owing to forming more non-hydrogenation
byproduct although the conversion increased greatly.
Considering the excellent performance of Pt/
Co;0,@6wt%PDA, the selective hydrogenation reaction
of other a,B-unsaturated aldehydes to form corresponding
unsaturated alcohols was also studied, and the results are
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hyde to crotyl alcohol. Reaction conditions: crotonaldehyde (0.1 ml),
ethanol (5 ml), catalysts (0.02 g)

presented in Table 2. It is found that Pt/Co;0,@6wt%PDA
is more favorable for C=0 hydrogenation to form unsatu-
rated alcohol for a series of substrates. For example, the
selectivity to cinnamyl alcohol reached to 94% at cinna-
maldehyde conversion of 78%. Moreover, the selectivity
of >99.9% for C=0 bond in furfural was obtained. The
difference in conversion and selectivity of o,p-unsaturated
aldehydes hydrogenation is mainly concerned with the
molecular structure of substrate. A larger substituent is
favorable to enhance the selectivity of C=0 hydrogena-
tion through changing the adsorption model because the
steric effect can hinder C=C adsorption [47—49]. Hence,
the cinnamaldehyde and furfural exhibted higher selectiv-
ity of unsaturated alcohols, while methacrylaldehyde with
smaller substituent shows a similar selectivity to crotonal-
dehyde. Whereas, the conversion rate is related to adsorp-
tion strength of reactant molecule, which is affected by the
above structural factors to some extent.
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Table 2 Selective hydrogenation of other unsaturated aldehydes over Pt/Co;0,@6wt%PDA

R/\/\O Pt-Co;0,@6wt%PDA R/\/\OH

Entry Substrate Product Conversion Selectivity
1 O/\V\~, ©/\A 78.5% 94.1%
2 N/ ° 39.7% >99.9%
W, D
41.6% 65.3%

3
_°

Reaction conditions: substrates (0.1 ml), ethanol (5 ml), catalysts (0.02 g),1 h, 2 MPa H,, 70 °C

4 Discussion

Over past decades, many efforts have been made to increase
the selectivity to unsaturated alcohol. It is well known that
adding second metals (such as Sn, Fe) to catalyst formed
bimetal catalysts can improve the selectivity to unsaturated
alcohols through changing the electron density of primary
metals which is favor to adsorb C=0 bond [50, 51]. In addi-
tion, the reducible metal oxides supported catalysts also have
relatively higher selectivity to unsaturated alcohols due to
the metal support interaction which can form metals/MO,
interface sites for activation of C=0 bond [52, 53]. For Pt
based catalysts, the effect of Pt size on the selective hydro-
genation performance of o,pB-unsaturated aldehyde seems
unusual. It was observed that the selectivity to the unsat-
urated alcohol increased with increasing Pt particle sizes
because the larger Pt particles expose more Pt (111) surfaces
which is favor to the adsorption of crotonaldehyde via the
C=0 bond [54] but requires a large range of particles sizes
[30]. Zhu found that the selectivity appeared to be independ-
ent of the Pt particle sizes, due to the sizes only ranged from
1.5 to 2.5 nm in their work [55].

In this work, the hydrogenation of crotonaldehyde was
carried out in the liquid phase over Pt/Co;0,, series of Pt/
Co;0,@PDA, Pt/SiO, and Pt/SiO, @4wt%PDA catalysts.
Compared Pt/Co;0, with Pt/Co;0,@PDA (TEM in Fig. 2),
Pt particle sizes decreased from~ 1.9 to~ 1.5 nm after the
addition of PDA which has barely influence in the selectiv-
ity to unsaturated alcohol. Thus, the electronic environment
of surface Pt nanoparticles was focused. As well known,
electron density of Pt active sites greatly affect H, activation,
and the ability of activating hydrogenation will be weaken
when the electron density decreases [56].

Interestingly, series of Pt/Co;0,@PDA showed higher
activity than Pt/Co;0, catalysts even though the lower Pt
electron density existed in the former by XPS and CO-
DRIFTS characterizations. It could be closely connected

with H, spillover phenomenon in the presence of Pt/Co;0,@
PDA catalysts evidenced by H,-TPD which will facilitate
the hydrogenation process. Moreover, the hydrogenation
of crotonaldehyde performance over Pt nanoparticles sup-
ported on inert SiO, (Pt/SiO,) and Pt/SiO, @4wt%PDA dem-
onstrated that the conversion increased from 75 to 100%
after the addition of PDA and butanol selectivity enhanced
greatly (Table S1). This promotion of hydrogenation activ-
ity might be attributed to H, spillover. However, it has been
reported that PDA contains phenolic hydroxyl group which
can act as Lewis acid sites promoted the occurrence of side
reactions [23], thus it is reasonable that the excess PDA (Pt/
C0,;0,@10wt%PDA) could give rise to the increase of the
acetal-like byproducts (Fig. 8).

Co;0, as a reducible support, an important issue to take
into account is the interaction between Pt and oxide support
for the selectivity to C=0 bond hydrogenation. As the previ-
ous reported, Pt supported on reducible metal oxides usu-
ally improves the unsaturated alcohol selectivity owing to
their electron transfer interaction [13, 14]. The same results
were obtained in our research. For instance, Pt/SiO, and Pt/
Si0, @4wt%PDA catalysts showed poor selectivity to crotyl
alcohol, but it is significantly enhanced to 47.8% over the Pt/
Co;0, catalysts, which exactly attributed to Co;0, interact-
ing with Pt and forming Pt-Co;0, interface sites so as to the
preferential adsorption of C=0 bond.

After adding PDA to Pt/Co;0, catalysts, the selectiv-
ity towards crotyl alcohol further increase to 69.9%(Pt/
C0,0,@6wt%PDA) due to new active sites Pt-PDA formed
by the interaction between Pt nanoparticles and amine
groups. Albeit Pt 4f binding energy shift in XPS and the
migration of CO adsorption peaks in CO-DRIFTS seem
independent on the hydrogenation activity and selectivity
with PDA increasing, the ratio of Pt%* to Pt° increase with
boosting PDA. Pt>" species fraction has a surge over 6wt%
PDA catalyst and then slowdown (Table 1). CO-DRIFTS
give an evidence that Pt species exist in more types on PDA

@ Springer
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Scheme 2 Proposed the pos-
sible reaction pathway of the
selective hydrogenation of
crotonaldehyde over Pt/Co;0,@
PDA catalysts

Co;0,

modified catalysts than Pt/Co;0,. Actually, the selectivity
and yield of 6wt% PDA and 8wt% PDA are similar, which
are consistent with the trend of the Pt®* species fraction.
Furthermore, FT-IR detected the blue shift of 8y vibra-
tion peak over Pt/Co;0,@6wt%PDA comparing with
C0;0,@6wt%PDA, indicating the interaction between Pt
and amine changes the electron density of Pt which facili-
tates the selective hydrogenation of C=0 bond.

Based on the above discussion, a possible reaction
pathway of the selective hydrogenation of crotonaldehyde
over Pt/Co;0,@PDA catalysts was outlined. As shown in
Scheme 2, the H, molecules were activated by metallic
Pt species at first. Meanwhile, the Pt-PDA and Pt-Co;0,
interface sites adsorbed and activated the C=0 bond of
crotonaldehyde. More importantly, Pt-PDA can facilitate
H,-spillover effect and then the hydrogenation process was
accelerated.

5 Conclusion

In this study, series of Pt/Co;0,@PDA catalysts were syn-
thesized by simple method for the selective hydrogenation
of crotonaldehyde. Changing the amount of PDA to Co;0,
from 4 to 8%, it was found that both of selectivity towards
the crotyl alcohol (69.9%) and the formation rate of crotyl
alcohol were effectively improved, which mainly due to the
synergy of Pt-PDA and Pt-Co;0, dual interface active sites.
The control tests and systematic characterizations revealed
Pt-PDA and Pt-Co;0, interfaces are favorable to adsorb and
activate C=0, meanwhile Pt-PDA can accelerate selective
hydrogenation by boosting H,-spillover effect. In addition,
Pt/Co;0,@6wt%PDA shows universal selectivity for C=0
hydrogenation in other o,B-unsaturated aldehydes to corre-
sponding unsaturated alcohols with high selectivity, such

@ Springer

PDA @ Pt nanoparticles «_J hydrogen spillover
effect

as>99.9% of furfuryl alcohol and 94% of cinnamyl alcohol.
This strategy provides a great prospect for Pt based catalysts
towards selective hydrogenation reactions of o,f-unsaturated
aldehydes.
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