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To overcome the shortcomings of single component carrier supported platinum (Pt)-based catalysts,
herein, we demonstrate the fabrication of alumina combined mesoporous carbon to prepare a series of
alumina-carbon composites and their corresponding Pt-based catalysts. The alumina-carbon composites
Al@PhFC are synthesized by using phloroglucinol-formaldehyde resin as carbon source and aluminum
acetylacetone as the aluminum source. Further, the effect of alumina content on the properties of the
composites is investigated. The composites and catalysts are characterized by using XRD, XPS, N2

sorption, and TEM. The Pt/Al@PhFC-1.8 composite with appropriate amounts of alumina, pore diameter,
and moderate Pt nanoparticle size, resulted in 99.5% of conversion efficiency and 77.4% of optical
selectivity in the asymmetric hydrogenation of ethyl 2-oxo-4-phenylbutanoate (EOPB). Interestingly, this
composite can be used more than 20 times without a significant decrease in its performance.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Since Orito [1] demonstrated for the first time that Pt/g-Al2O3

catalyst modified by the cinchona alkaloid could obtain excellent
optical selectivity in the asymmetric catalytic hydrogenation of
α-ketoesters, Pt nanoparticles have garnered enormous attention
from the researches in catalysis application [2–4]. Compared to
Pt/g-Al2O3, whose catalytic performance explicitly declines after
reusing 6 times [5], however, the mesoporous carbon-supported
platinum catalysts have shownmoderate selectivity but outstand-
ing reusability owing to the high stability of support in the acidic
environment [6]. For instance, Pt/FDU-15 catalyst can be reused in
the similar conditions provided for more than 25 times without
any distinct deactivation [7].

In this framework, our group has recently fabricated alumina-
supported ordered mesoporous carbon, and a series of Al2O3-
mesoporous carbon (Al2O3-MC) composites by the chelating
co-assembly method [8] with resol as carbon source and
aluminum acetylacetonate as the aluminum source. These
composites resulted in excellent performance efficiency owing
to the advantages of both alumina and ordered carbon material, in
terms of mechanical strength as well as appropriate acidic sites
and excellent chemical stability in an acid, high specific surface
ng).
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area as well as controllable pore structure, respectively. Moreover,
these Al2O3-MC composites supported Pt nanoparticle catalysts
obtained excellent enantioselectivity and reusability [9]. However,
there are still some issues associated with resol as a carbon source,
such as pre-synthesizing of carbon precursor is relatively
complicated, low activity of phenol, resulting in a slow synthetic
rate. Therefore, in this work, we use a facile one-step process to
synthesize alumina-carbon composites with high-activity phlor-
oglucinol-formaldehyde (PhF) resol instead of resol as a carbon
source. The corresponding supported Pt catalysts are applied in the
asymmetric hydrogenation of ethyl 2-oxo-4-phenylbutanoate
(EOPB).

In this paper, we conducted the experiment to prepare alumina-
carbon composites and Pt/Al@PhFC catalysts by the following
methods. Firstly, alumina-carbon composites (Al@PhFC) were
synthesized by the chelating co-assembly method using phlor-
oglucinol-formaldehyde resin as a carbon source. 2.5 g of F127,
10mL of deionized water, 12.65mL of ethanol, and 2.5 g
phloroglucinol were mixed and stirred until completely dissolved.
Then, 0.17mL of HCl solution (12mol/L), and a certain amount of
Al(NO3)3�9H2O as well as acetylacetone (mole ratio of 1:2) were
added successively, and stirred further for 30min. Further, 2.36mL
of formaldehyde (37wt%) was slowly added to the above mixture
solution and stirred until liquid layering. The lower phase was
stirred overnight, forming a flexible but non-sticky solid, and dried
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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at 100 �C for 12 h. Finally, the product was carbonized under
nitrogen flow at 700 �C for 3 h to obtain Al@PhFC-x composites (x
refers to the mass of added Al(NO3)3�9H2O). Then, Pt/Al@PhFC
catalysts were prepared through the impregnation method [5].
Briefly, the as-synthesized alumina-carbon composites Al@PhFC
were impregnated with platinum precursor (H2PtCl6) aqueous
solution at the Pt content of �5wt[16_TD$DIFF]%) and stirred for 5 h at room
temperature. Then, the mixture was evaporated to remove the
solvent and further dried at 100 �C overnight to obtain Pt/Al@PhFC
composites. Finally, the catalysts were reduced under hydrogen
flow at 600 �C before utilization.

The as-prepared samples was characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), N2 adsorption and
desorption and the transmission electron microscope (TEM). The
catalytic performance of the designed catalysts was evaluated for
asymmetric hydrogenation of EOPB. The hydrogenation reaction
was carried out in an autoclave (100mL). Pt catalysts (100mg),
cinchonidine (CD,10mg), EOPB (1mL), and acetic acid (25mL) and
H2 (5 [17_TD$DIFF]MPa) were used for the reaction. After finishing the reaction,
the products were analyzed by GC-FID (Echrom A 90, Shanghai)
equipped with capillary chiral column (CP-Chirasil-DEXCB,
25m� [18_TD$DIFF]0.25mm�0.25mm, Agilent Technologies). The optical
yield was calculated as enantiomeric excess (ee) value following
the formula. [19_TD$DIFF]

ee% = (|[R]–[S]|)/([R]+[S]) �100%

The reusability test of the catalyst was performed as follows.
Briefly, after the hydrogenation reaction, the mixture was
centrifuged to separate the catalyst, and the catalyst was washed
thrice with fresh acetic acid. Further, it was used for the next
asymmetric hydrogenation reaction.

We studied the crystalline nature of the samples using XRD. The
X-ray diffraction patterns were obtained on an X'Pert-Pro
instrument using copper Kα radiation (40 kV, 40mA). Fig.1 depicts
the XRD patterns of the designed Al@PhFC-x and Pt/Al@PhFC-x
composites. For the Al@PhFC samples (Fig. 1a), two broad
diffraction peaks centered at 22.5� and 43.5�, were observed,
which could be attributed to the amorphous carbon framework
[10]. It was observed from the XRD patterns that there was no
characteristic diffraction peak at 37� or 49�, indicating that
alumina was uniformly dispersed in these composites. It could
be attributed to the addition of acetylacetone in the synthetic
process of alumina-carbon composite, resulting in the formation of
aluminum acetylacetonate from aluminium nitrate with higher
boiling point and decomposition temperature [11]. For the
catalysts (Fig. 1b), it resulted in four broad diffraction peaks at
around 39.8�, 46.3�, 67.4�, and 81.3�, which could be ascribed to the
(111), (2 0 0), (2 2 0) and (3 11) basal reflections of face-centered
cubic metallic Pt (JCPDS card No. 04-0802). The intensities of
diffraction peaks were enhanced with increasing the addition of
Al(NO3)3�9H2O.Moreover, the increase of aluminamight result in a
decrease in the pore volume of the composite material so that the
[(Fig._1)TD$FIG]

Fig. 1. XRD patterns of Al@PhFC-x composites (a) and corresponding catalysts
Pt/Al@PhFC-x (b).
platinum particles could tend to concentrate on the surface,
leading to the increase of the platinum particle size.

We further explore the elemental composition of the catalyst
using XPS (Fig. 2), which was taken on a K-Alpha spectrometer
with a high vacuum of 2�10�7

[20_TD$DIFF] Pa. The C 1s spectra of Pt/Al@PhFC-
1.8 (Fig. 2a) resulted in three types of carbon species. Three peaks
were obtained byfitting and [21_TD$DIFF]peak-splitting in the narrow spectrum
of carbon, which could be attributed to -C-C-/-C = C- (284.8 eV), -C-
O- (285.8 eV) and -C = O (287.1 eV), respectively [12,13], indicating
that the phloroglucinol-formaldehyde resin precursor has not been
completely converted to carbon. The platinum nanoparticles could
form [22_TD$DIFF]d-p conjugation with the benzene ring structure in the
alumina-carbon composite material, which could enhance the
interaction between the Pt and the composite material, and
effectively reduce the Pt loss [14]. Two main peaks at 71.4 eV and
74.4 eV corresponding to Pt 4f of metallic Pt [15] and Al 2p of Al2O3

(Fig. 2b) [16,17], and another peak lies in 72.4 eV, demonstrated
that a little amount of Pt0 was oxidized to Pt2+ in process [18].

[23_TD$DIFF]The surface area and pore textural properties measurements [24_TD$DIFF]

were recorded using N2 adsorption-desorption isotherms at 77 K
(Micrometitics ASAP 2020M + C analyzer). Table 1 displays the
properties of Al@PhFC-x composites. The specific surface area
increased initially and then decreased with the increase of
aluminum nitrate amount. In general, the appropriate amount
of alumina plays the role of supporting framework in the
composite, which might result in high specific surface area.
However, excess alumina could block the pores of the composite
material so that the specific surface area of the composite might
decrease significantly.

The N2 adsorption-desorption isotherms and the pore size
distribution curves of Al@PhFC-x composites are shown in Fig. 3.
The nitrogen sorption isotherms of the samples exhibit type IV
curves with H2 hysteresis loop and large uptake at low relative
pressure, indicating that the composites were mainly micropo-
rous-mesoporous structures due to the removal of template and
pyrolysis of phloroglucinol-formaldehyde resin at high tempera-
ture [19].

Moreover, The TEM (Tecnai G2 F20 microscope at an accelera-
tion voltage of 100 kV) is used to characterize the catalyst
supporting status. The distribution of Pt nanoparticles on the
composite material can be observed in TEM images. The black dots
in the figures represent the Pt particles. It was evident from the
TEM images of the catalyst that the distribution of Pt nanoparticles
on the composite material was very uniformwith the particle size
distribution ranging between 2.3–4.9 nm [25_TD$DIFF](Fig. 4). The correspond-
ing mean diameter gradually increased with the increase of
Al(NO3)3�9H2O amount. However, the addition of excessive
amounts of alumina resulted in a significant decrease in the pore
volume of the composite material, tending the platinum particles
to concentrate on their surface. Furthermore, the mean size of
platinum particles with high dispersion in Pt/Al@PhFC-1.8 was
around 3.2 nm, similar to Pt/Al2O3 (3.5 nm) [14], which, however
much smaller than Pt/C (10.3 nm) [14]. However, it should be noted
that the size of metal particles can influence the activity and
selectivity and the optimum platinum particle size, which should
be between 3 and 4 nm in this reaction system [20]. A feasible
explanation for the poor enantioselectivity characteristic of metal
particles below 2 nm is the geometric effect [21]: the small
particles cannot accommodate the bulky modifier-substrate
complex that occupies 20–25 surface atoms, and the non-modified
reaction leads to racemic product. However, as the size of platinum
nanoparticles increases, the effect of particle size can be
eliminated, and the observed differences in enantioselectivity
can be correlated with the surface morphology of Pt. Moreover, the
control of particle size and distributions is hard due to the
aggregation nature of nanoparticles. The relatively small metal
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Fig. 2. XPS spectra for C1s (a), Al2p and Pt4f (b) of Pt/Al@PhFC-1.8.

Table 1
Properties of Al@PhFC-x composites.

Entry Sample SBET (m2/g) DP (nm) Vt (cm3/g)

1 PhFC 430 4.5 0.69
2 Al@PhFC-0.6 477 4.9 0.53
3 Al@PhFC-1.2 447 4.1 0.46
4 Al@PhFC-1.8 416 4.2 0.39
5 Al@PhFC-2.4 374 2.6 0.27
6 Al@PhFC-3.0 315 2.7 0.21
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nanoparticles (<10 nm) dispersed on the high surface area support
materials, allowing excellent dispersion of Pt nanoparticles and
reducing their loading amount [22]. It could probably be the reason
that Pt/Al@PhFC-1.8 with the appropriate size of Pt particles
yielded excellent catalytic performance. [26_TD$DIFF]

After understanding its basic appearance and composition,
we studied the catalytic performance of Pt/Al@PhFC-x in the
asymmetric hydrogenation of EOPB. Table 2 shows that the
catalysts maintained high conversion rates for asymmetric
hydrogenation of EOPB, and corresponding optical selectivity
tended to increase initially and then decreasedwith the increase of
aluminum nitrate amount. The optical selectivity of asymmetric
hydrogenation of EOPB reached a maximum of 77.4% when
the amount of aluminum nitrate was around 1.8 g. In contrast,
[(Fig._3)TD$FIG]

Fig. 3. Nitrogen sorption isotherms for PhFC (a), Al@PhFC-0.6 (b), Al@PhFC-1.2 (c), Al@P
pore size distribution curves based on the adsorption branch of isotherm.
Pt/Al@PhFC-1.8 obtained the highest ee value and conversion
efficiency of 77.4% and 99.5%, respectively, which are compara-
tively better than the commercially-available Pt/C, Pt/MC, Pt/MS
catalysts and Pt/CMK-3. On one hand, The CD-modified Pt/Al2O3

catalysts induce good enantioselectivity for the asymmetric
hydrogenation of α-functionalized ketones. However, the intrinsic
drawback of Al2O3 with inferior stability in acetic acid limits the
reusability of Pt/Al2O3 catalysts due to peptization of alumina
under the acidic conditions. The activity of commercial Pt/Al2O3

catalyst is significantly reduced after recycling 3 times. On the
other hand, commercial carbon materials have better physico-
chemical stability, but the Pt/C catalysts have no significant
advantage of the optical selectivity for the asymmetric hydro-
genation of α-functionalized ketones. Herein, Al@PhFC, as a two-
component support material, combines the advantages of Al2O3

and carbon material. Firstly, Pt/Al@PhFC presents excellent
reusability predominantly attributing to the good stability of the
mesoporous carbon structure in the acidic conditions [6].
Secondly, alumina in Al@PhFC also can form electrophilic
O+[Al(OAc)2]3 under acetic acid conditions [24]. These ions can
adsorb chiral modifiers and play a part in the construction of chiral
environments. In addition, the introduction of alumina in the
mesoporous carbon skeleton can promote the formation of Ptd+

species, and the Ptd+ may promote the reaction with enhanced
enantioselectivity [25]. Moreover, the presence of alumina can
hFC-1.8 (d), Al@PhFC-2.4 (e) and Al@PhFC-3.0 (f). The insets are the corresponding
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Fig. 4. TEM images of a) PhFC, b) Pt/Al@PhFC-1.2, c) Pt/Al@PhFC-1.8 and d) Pt/Al@PhFC-2.4. DPt is the mean size of platinum particles.

Table 2
The catalytic performance of Pt/Al@PhFC-x in the asymmetric hydrogenation of
EOPB.

Entry Sample Conversion (%) ee (%)

1 Pt/PhFC 99.0 70.5
2 Pt/Al@PhFC-0.6 99.1 73.3
3 Pt/Al@PhFC-1.2 98.7 75.8
4 Pt/Al@PhFC-1.8 99.5 77.4
5 Pt/Al@PhFC-2.4 99.3 74.9
6 Pt/Al@PhFC-3.0 98.9 69.3
7 Pt/Al2O3

a 98.9 83.5
8 Pt/Ca 96.9 69.2
9 Pt/MCa 70.7 67.5
10 Pt/MSb 100.0 70.8
11 Pt/CMK-3c 93.4 64.3

a The catalytic performance of commercial Pt/Al2O3 catalyst, commercial Pt/C
catalyst and Pt/MC refers to the catalyst with Pt nanoparticles supported on
mesoporous carbon from Ref. [8].

b Pt/MS refers to the catalyst with Pt nanoparticles supported on mesoporous
silica from Ref. [23].

c Pt/CMK-3 refers to the catalyst with Pt nanoparticles supported on ordered
mesoporous carbon from Ref. [14].
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enhance the rigidity of the carbon skeleton structure and facilitate
the maintenance of its mesoporous structure during the high
temperature calcination and reduction processes [8]. In addition, it
is conducive to the diffusion and adsorption of raw materials and
[(Fig._5)TD$FIG]

Fig. 5. Reusability of Pt/Al@PhFC-1.8 for th
chiral modifiers on the active metal surface. A certain amount of
alumina could promote the asymmetric hydrogenation of EOPB,
but excess alumina would lead to the blockage of pores and
interfere with the diffusion of reactants [24,25].

It should be noted that the reusability of the catalyst is a
fundamental attribute to be considered for catalysis application.
The recycling experiments were processed by using Pt/Al@PhFC-
1.8 in successive asymmetric hydrogenation reactions of EOPB.
Pt/Al@PhFC-1.8 resulted in high durability and stability in the
recycling process. After recycling [27_TD$DIFF]20 times, the optical selectivity
and conversion could maintain over 77% and 90%, respectively
(Fig. 5). In our previous work, Pt/15AM, using resol as a carbon
source in the preparing process, could be reused [28_TD$DIFF]more than 23
times. The reusability of Pt/Al@PhFC-1.8 could reach about 20
times, but the ee values were slightly lower than Pt/15AM. We
found that the catalytic activity of the catalysts always decreased
significantly after about 20 cycles through several reusability
experiments. Compared to Pt/Al@PhFC catalyst, traditional
Pt/Al2O3 showed much more inferior reusability, which mainly
caused by the Pt leaching and the peptization of alumina in acetic
acid [14,26]. The excellent reusability of Pt/Al@PhFC was mainly
ascribed to the good stability of the mesoporous carbon structure
in acid conditions [6]. Furthermore, Pt particles could be stability
by the p-donating from the benzene rings of carbon composites to
Pt particles [14]. In addition, one-step 600 �C reduction may result
e asymmetric hydrogenation of EOPB.
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in more facet Pt particles, which had much stronger interaction
with the support [27]. These three factors all reduced the Pt loss
during each cycle in acetic acid resulting in their excellent
reusability. Compared with our previous works, it is noteworthy
that we used the one-step process to synthesize alumina-carbon
composite with high-activity phloroglucinol-formaldehyde as
carbon source. No need to synthesize carbon precursor in advance
effectively improved the reaction rate and simplified the prepara-
tion process.

In summary, Pt/Al@PhFC-x catalystswere successfully prepared
by chelating co-assembly and impregnation method. The catalysts
were tested by using XRD, XPS, N2 sorption, and TEM. The
Pt/Al@PhFC-1.8 showed excellent catalytic performance with
appropriate amounts of alumina, pore diameter, and moderate
Pt nanoparticle size. The Pt/Al@PhFC-1.8 yielded 99.5% conversion
and 77.4% optical selectivity for asymmetric hydrogenation of
EOPB, which could be repeated more than 20 times without any
significant loss of its efficiency. Compared with Al2O3-MC that
made of resol as a carbon source, the one-step synthesis of
Al@PhFC could improve the preparation rate and simplify the
experimental steps. This work will potentially afford a new
perspective for the design and synthesis of the support of
Pt/cinchona catalytic system.
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