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32 ABSTRACT: As a novel type of defective graphene, porous graphene has been considered an
excellent support material for metal clusters, as the interaction between defective carbon atoms
37 surrounding with the metal NPs is very different from that on ordinary supported catalyst. In this
39 work, we reported a facile three-step method to confine the Pd NPs and grow the graphene-like
carbon nanosheets (GLCs) in the same interlayer space of layered silicate, generating embedded
44 Pd NPs in the pores of porous GLCs in situ. The Pd@GLCs nanocomposite not only exhibited
46 highly active activity and stability than common commercial Pd/C catalyst for the hydrogenation
of olefins, but also superior ability of resisting high temperature, which benefitted from the two
51 dimensional structure of layered GLCs, the confinement of Pd and the increased edge and defect

53 of the unsaturated carbon atoms in GLCs.
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Introduction

Supported metal nanoparticles (NPs) are the most widely investigated heterogeneous catalysts
in catalysis community. The interaction between the metal and support materials have great
influence on the stability and adsorption properties of catalysts, which lead to different activity
and selectivity.l'4 Among the common catalyst supports, carbon materials, such as active carbon,
graphene and carbon nanotubes (CNTs) are widely employed as support due to their high surface
areas, excellent structure stability, and non-toxicity.” However, the migration, agglomeration,
and sintering of metal NPs on the surface of pristine graphene (or CNTs, etc.) are always
unavoidable because the functional groups as the anchoring sites are absent on the carbon

10,11
support.

How to solve this problem becomes a significant topic of the catalyst design based
on carbon materials.'” Take graphene as an example, many approaches have been proposed to
improve the interaction of metal NPs and carbon support, such as by introducing oxygen or
nitrogen-containing groups, doping heteroatom on graphene, and fabricating pores with defective
sites on the gra1phe:ne:.13'20

As a novel type of defective graphene, porous graphene has been considered an excellent
support material for metal clusters, as the interaction between defective carbon atoms
surroundings with the metal NPs is very different from that on ordinary supported caltallyst.21’22
Banhart et.al demonstrated that defects in graphene and CNTs could trap metal atom and prevent
it from diffusing effectively,23 thus improving the stability of the composite as a catalyst. Not
just in regard to the stability, the electron character of metal also might be influenced a lot when
metal clusters were embedded in the porous graphene, which was revealed by theoretical

calculations research particularly. Wang et.al investigated electronic structures of metal clusters

(Pd, Ir, and Rh) supported on pristine graphene and porous graphene with density functional

ACS Paragon Plus Environment

Page 2 of 21



Page 3 of 21

oNOYTULT D WN =

Langmuir

theory (DFT) calculations, and reported that graphene with nanopores could stabilize the metal
clusters, downshift the d-band center of the metal clusters and change the binding energy of
. 24
reagents substantially.
What’s more, the porous graphene itself exhibit special electron or adsorption properties due to
the abundant defective carbon atoms along the pores. For example, several works proved that the
reaction rate of methane decomposition catalyzed by defective carbon materials was linearly

dependent on the number of -CH=CH- defective sites.”°

In brief, as the support of catalyst, the
enriched unsaturated carbon atoms on porous graphene will bring significant effect to the
catalyst’ performance.

Although several exciting theoretical reports have proved the significant impact of porous
graphene on catalysis, the related experimental studies are limited. The severe mismatches may

2327
~"as well as

derive from the difficulty to synthesize porous graphene with subnano-sized pores,
the difficulty of the precise control to embed all the metal NPs into the pores on porous graphene
perfectly.

Herein, we reported a facile three-step method to confine the Pd NPs and grow the graphene-
like carbon nanosheets (GLCs) in the same interlayer space of layered silicate, generating
embedded Pd NPs in the pores of porous GLCs in situ. The Pd@GLCs nanocomposite not only
exhibited highly active activity and stability than common commercial Pd/C catalyst for the
hydrogenation of olefins, but also superior ability of resisting high temperature. The two-
dimensional structure of layered GLCs and the intimate contact between the confined Pd and

GLCs was supposed to account for the superior performance of the Pd@GLCs nanocomposite.

Experimental Methods

Synthesis of RUB-15 nanoplates
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In a typical process, 17.78 g TMAOH (Tetramethylammonium hydroxide, 25 wt% solution)
was mixed with 12.22 g TEOS (Tetraethyl orthosilicate) at room temperature under stirring.
After stirred overnight, the solution was transferred to a 50 mL Teflon-lined autoclave, which
next would be kept in the oven at the temperature of 140 "C for 7 days. Lastly, the product was
collected by filtration and washed with acetone till the pH decreased to 7, and then dried at 60

°C.

Synthesis of Pd@GLCs

100 mg RUB-15 was dispersed in 50mL distilled water and stirred for 20 min. At the
same time, 0.1 g SnCl, was dissolved in 20 mL 0.02 M HCI solution. Then the SnCl,
solution was added into RUB-15 suspension under stirring for 10 min. Afterwards the
suspension was centrifuged and washing with distilled water for five times. The
precipitate was dispersed in 50 mL distilled water, and mixed with 500 pL. PdCl, (0.0564
mol/L) solution. Ten min later, 10 mL of 0.15 mol/L NaCOOH solution was added
following stirring for 5 h. After centrifugation and washing with distilled water five times,
the precipitate PA/RUB-15 was obtained and dried at 60 °C for 12 h.

100 mg Pd/RUB-15 and 150 mg of glucose were dispersed in SmL of distilled water and
stirred overnight. Then, 30 puL of concentrated sulfuric acid was added. Afterward, the mixture
was stirred for another 10 min and heated at 110 °C for 10 h. The black product was collected
carefully and calcined at 900 °C in Ar flow for 4 h (rate: 5 °C/min) to remove oxygen and
organic species and improve the graphitization of GLCs. Then, the graphitized Pd@GLCs-RUB-
15 was stirred with 5 mol/LL NaOH solution tenderly for 12 h. After the etching of RUB-15, the
Pd@GLCs was harvested.

Olefin hydrogenation
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A 25 mL steel autoclave was charged with Pd@GLCs (4.6 wt%, 5 mg), an olefin (2.5 mmol),
1,3,5-trimethylbenzene (internal standard, 285 mL, 2.0 mmol) and 5 mL ethanol. The autoclave
was evacuated and backfilled with H; (3 cycles, 1.0 MPa). Then, the mixture was stirred in a 25
°C water bath under 1.0 MPa H, atmosphere for the desired time. Gas chromatograph (Shimadzu
GC-2010Plus) equipped with a flame ionization detector (FID) and a Rtx-5 capillary column
(0.25 mm in diameter, 30 m in length) was used to analyzed the yield of product, and the product
identity was ascertained by GC-MS (Shimadzu GCMS-QP2010S). The commercial Pd/C
catalyst (5 wt%) was purchased in Sigma-Aldrich.

Characterization

The crystal structure of the PdA@GLCs was characterized using an X-ray diffraction meter
(XRD-Rigaku) with Cu Ka radiation (A = 1.54 A). Scanning electron microscopy (operated on
JEOL JSM-7800F), transmission electron microscope, high resolution TEM images and energy
dispersive absorption X-ray (EDAX) spectroscopy (operated on JEM-ARM200F) was used to
examine the size and morphology of RUB-15 and Pd@GLCs. The concentrations of Pd** loss in
the reaction were analyzed using inductively coupled plasma atomic emission spectroscopy
(ICP-AES; Shimadzu ICPE-9000). The X-ray photoelectron spectroscopy (XPS) spectra was
performed on Thermo VG RSCAKAB 250X with VG SCIENTA KKLaser.

Results and discussion

The Pd@GLCs composite was fabricated in a three-step in situ carbonization method in the
interlayer space of layered silicate as shown in Scheme 1. The layered silicate RUB-15 was a
layered silicate ([N(CH3)4]3[S124052(OH)4]-20H,0) with side length of 5-10 pm and thickness of
100 nm approximately (Figure S1). * In the structure of RUB-15, the Tetramethylammonium

(TMA) cations as well as water molecules were filled in the hemihedral cavities inside the
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interlayer, which stabilized the layered structure. With the basal d spacing of 1.4 nm, the ion-
exchange between TMA" inside the layered silicate RUB-15 and other metal cations was
feasible. In this synthesis route, the SnCl, solution was added into RUB-15 suspension, as the
ion-exchange between TMA* and Sn** took place. Then Sn®* could act as the reductive site for
PdCl42', which assured that all the Pd NPs were loaded inside the interlayer of RUB-15.
Afterwards, the glucose was intercalated in the interlamellar space of RUB-15 and then the
carbon nanosheets were generated from the carbonization of glucose. At last, the Pd@GLCs
nanocomposite was obtained after the graphitization of carbon nanosheets and the removal of
RUB-15.

Scheme 1 The preparation of Pd@GLCs composite in three steps.

RUB-15 Pd/RUB-15 Carbon/Pd/RUB-15

Glucose intercalation
& H,S0, Carbonization

S N
Q N2
& _A®
A
?5)%

As shown in Figure 1, the uniform Pd nanoparticles with particle size of 5+2 nm were
successfully obtained on the GLCs without any agglomeration. The average size of Pd
nanoparticles was found to be 4.5 nm inspired by the size distribution (inset of Figure 1c¢). From
the SEM image (Figure 1a) and TEM images (Figure 1b-c) of Pd@GLCs, the GLCs looked like
monolayer-patched graphene and quite a number of GLCs were exfoliated as single or few-
layers graphene. The Pd NPs were located and confined in the pores of GLCs, as obvious vacant

regions existed around Pd NPs (Figure 1c). It was believed that the confined structure endowed
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Pd superior stability and efficient electron/ions transport on the GLCs. Figure 1d was the
HRTEM of a selected section Pd NPs. The lattice fringes of (111) planes with a d spacing of
0.225 nm indicated good crystallization of Pd nanoparticles. From the ICP-AES analysis, the Pd
content in the PdA@GLCs was calculated to be 4.6 wt%. Energy dispersive spectroscopy (EDS)
mapping of PA@GLCs using STEM (Figure 1e) revealed the homogeneous and highly-uniform

distribution of Pd NPs on the Pd@GLCs.

Figure 1 (a) The SEM image, (b-c) TEM images, (d) HRTEM images and (e) compositional

EDS mapping of Pd@GLCs composite.

Figure 2a displayed the XRD pattern of the Pd@GLCs composite. The wide peaks around 25.0
degree and the weak peak at 44.8 degree were attributed to the GLCs. No peaks belong to Pd
were observed at XRD patterns, which might due to the ultra-small size of the Pd NPs. He et.al

also reported the absence of Pt-phase diffraction peak of Pt/TiO; in their XRD patterns, and
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attributed it to the strong metal interaction between the Pt and the TiO, support.”’ Control
experiments were carried out by preparation of GLCs that intercalated in RUB-15 first and then
loading Pd NPs on the GLCs afterwards (denoted as Pd@out-GLCs). The XRD patterns of
Pd@out-GLCs composite showed the apparent peak at 39.6 degree which was well assigned to
Pd (111) plane (Figure S2). The difference of the XRD patterns between the Pd@GLCs and
Pd@out-GLCs further proved that there was strong interaction between Pd and GLCs in the
Pd@GLCs composite. The Raman spectra of PA@GLCs (Figure 2b) showed the disordered band
at~1356 cm’! (D-band), the graphitic band at ~1587 cm’! (G-band), and a wide 2D-band around
2870 cm™'. The measured intensity Ip/Ig ratio is about 0.735. The low intensity ratio of Ip/Ig

suggested that the sp” carbon atoms domain and the GLCs was largely graphitized.”
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Figure 2 (a) The XRD patterns (b) Raman spectra of Pd@GLCs (c¢) The N
adsorption—desorption curve of PA@GLCs (d) The pore distribution of the PA@GLCs based on

NLDFT method.
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Figure 2c revealed the N, adsorption—desorption curve of PA@GLCs and it belonged to type-
IV isotherm according to IUPAC classification. The Brunauer— Emmett—Teller (BET) surface
area was calculated as 517.6 m* g'l. The relatively large surface area indicated that the obtained
GLCs has sufficient diffusion paths for mass transfer and abundant active sites to combine
reagents. At the same time, the pore diameter of the GLCs based on Nonlocal density functional
theory (NLDFT) method is~1 nm (Figure 2d), which were consisted with the fact that interlayer
spacing of the GLCs was caused by the removal of layered silicate RUB-15. The two-
dimensional Pd@GLCs structure and the ~1 nm spacing ensured mass-transfer rates and high

catalytic permeation for species involved in the catalysis.

Intentity (a. u.)
Intentity (a. u.)

348 346 344 342 340 338 336 334 332 348 346 344 342 340 338 336 334 332
Binding Energy (eV) Binding Energy (V)
Figure 3 The XPS survey spectrum of Pd 3d in (a) Pd@GLCs composite and (b) commercial
Pd/C catalyst.
The XPS spectrum of Pd 3d was shown in Figure 3. The spectrum of Pd 3d could be
deconvoluted into four single peaks in both Pd@GLCs composite and commercial Pd/C catalyst
(Figure 3). The peaks at 335.4 eV and 340.6 eV were assigned to Pd (0), and the other two peaks

at 337.2 eV and 342.3 eV were the characteristic peaks of Pd (II) due to the partially oxided

Pd’'”?. The intensity of Pd (II) in Pd@GLCs composite was much weaker than that of
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commercial Pd/C, indicating that there was strong interaction between the Pd nanoparticles and
the GLCs, which further protected the Pd nanoparticles from oxidation.

The hydrogenation of styrene was chosen as a model reaction to evaluate the catalytic
performance of the Pd@GLCs composite under 1 MPa hydrogen pressure and at room
temperature. It is observed that the as-prepared Pd@GLCs exhibited outstanding catalytic
performance for the hydrogenation of various kinds of olefins, as shown in Table 1. The
conversion of styrene, 4-methylstyrene, 4-chlorostyrene and 4-methoxystyrene achieved almost
100 % in 15 minutes (Table 1, entry 1-4), giving the corresponding hydrogenated products that
be confirmed by GC and GC-MS. The turnover frequency (TOF) quantifies the specific activity
of a catalytic centre by the number of molecular reactions occurring at the centre per unit time.
The turnover frequency (TOF) was calculated to be 21284 h' for entry 1-4. The olefins
conversion in Entry 5 indicated that the hydrogenation rate of cyclohexene was slower than that
of styrene (Table 1, entry 5). The relatively inert reactivity of cyclohexene and its larger tri-
dimensional size might attribute to the lower reaction rate (entry 5). According to the TOF value,
the catalytic performance of Pd@GLCs was better than reported Pd catalyst, such as
Pd@Fe @meso-Si0, composite33 (TOF=7918 h' for styrene hydrogenation) and the commercial
Pd/C in this work (TOF=16180 h™) at same experiment condition. In addition, the selectivity of

all the reagents was nearly 100%, as no by-product was detected in GC-MS.
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Table 1 Olefin hydrogenation catalyzed by PA@GLCs

Run Olefin Product Time (min)  Conversion (%) TOF (h'l)

10 1 5 é 15 > 99 2.1x10°
11

13 15 > 99 2.1x10°

14 -
15 2 ES
16 CH,

CH,

oNOYTULT D WN =

19 3 ¢ 15 > 99 2.1x10°

25 z
26 4 é 15 > 99 2.1x10°

32 5 O 0 60 > 99 5.3x10"

38 . .
39 6 30 > 99 1.0x10

41 Reaction conditions: Olefin (2.5 mmol), Pd @GLCs (5 mg), EtOH (3 mL), 25 °C, under 1.0 MPa H2 atmosphere. [b] The conversion of

reagents was determined by GC, and the identity of the product was ascertained by GC-MS.

47 Stability is another important parameter for a heterogeneous catalyst. Figure 4a displayed the
conversion of styrene at 15 minutes catalyzed by Pd@GLCs and commercial Pd/C in cycling
52 tests of styrene hydrogenation. Note that the amount of Pd in Pd@GLCs and commercial Pd/C

54 was kept to be equal. It can be found that the activity of fresh Pd/C was comparable with fresh

60 ACS Paragon Plus Environment
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Pd@GLCs, and 76% conversion was achieved at 15 minutes catalyzed by Pd/C. However, the
conversion of styrene catalysed by commercial Pd/C decreased significantly in the followed
reaction runs, and the conversion dropped to about 32% in the 8" runs. In sharp contrast, the
Pd@GLCs composite showed much better stability in the consecutive reaction runs. The
conversion of styrene still maintained higher than 90 % after eight reaction cycles. In addition,
the concentration of Pd in the supernatant of the hydrogenation reaction system catalyzed by
Pd@GLCs and commercial Pd/C after the reaction was measured by ICP-AES, and it was found
the concentration of Pd was around 316 ppb and 20 ppb in the Pd/C and Pd@GLCs systems,
respectively, indicating that the leaching Pd could be much reduced by the confinement of Pd

NPs in the porous GLCs.

1004 A
80+
60

404

Conversion (%)

20+

1 2 3 4 5 6 7 8
Run times

[ pristine PA@GLCs
- After 1st calcination
After 2nd calcination

o

Conversion (%)

L e

3 4 5 6 7 8
Run times
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Figure 4 (a) The cycling performance of the PA@GLCs (yellow columns) and commercial Pd/C
(blue columns) catalyst catalyzed styrene hydrogenation as a model reaction. (b) The TEM
image and the size distribution of PA@GLCs after calcination for two times. (c) The catalytic

activity of Pd@GLCs in the designed cycle experiment.

It was known that the surface restructuring and sintering of Pd nanoparticles was prone to
occurring after annealing even at relatively low temperature (above 400 °C ) on support, either
on silica, alumina or graphene.***> Supported metal nanoparticles, especially for noble metal
NPs, showed rapid growth if the reaction temperature was very high. We further investigated the
ability of resisting high temperature of Pd@GLCs. In this work, the Pd@GLCs was fabricated
by carbonization at 900 °C for 4 hours under nitrogen atmosphere, thus the PA@GLCs was
speculated to possess superior thermal stability. In a designed experiment, the fresh Pd@GLCs
was used as catalyst for hydrogenation of styrene once, then calcined at 900 °C for 1 hours under
Ar atmosphere and worked for three times. Next, the Pd@GLCs was calcined for the second
time, and used as catalyst for the following four catalytic reaction. Figure 3b displayed the TEM
image of the final Pd@GLCs after calcination at 900 °C for two times. No obvious change of Pd
NPs (sintering or grownup) could be found on the calcined PA@GLCs. The diameter of Pd NPs
still kept at 5£2 nm, and the average size was calculated to be 5.3 nm by the size distribution.
The Figure 3c showed the catalytic performance of fresh and calcined PdA@GLCs in eight
consecutive hydrogenation of styrene reaction. The conversion of styrene catalyzed by fresh
Pd@GLCs was 98.2 %, whereas the conversion of styrene was still higher than 88.7% with the
calcined PA@GLCs catalyst in the 8" reaction runs. The superb ability of resisting high

temperature was closely related with the structure of the Pd@GLCs composite. The confinement
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of the porous GLCs could prevent the Pd NPs from shifting and agglomeration on the surface of
GLCs, and thus help to maintain their high catalytic activity.

The high catalytic activity and superb stability of the PdA@GLCs were attributed to the specific
formation process and structure of the final product with Pd NPs embedded in the graphene-like
carbon. (1) the specific structure that Pd NPs embedded in the GLCs endowed it with
outstanding activity and stability. Lee reported that the edges of graphene layers were the
activated chemisorption sites in the hydrogenation of acetylene.36 The dramatically increased
edge and defects of GLCs layers could adsorb the olefins reagents. The GLCs with nanopores
exhibited stronger binding energies than pristine graphene, and the interactions of graphene with
nanopores and confined Pd NPs were better comparing with the supported metal cluster on
pristine graphene. The intimate contact between GLCs and Pd impacted on the properties of Pd
NPs and promoted the catalytic reaction a lot. (2) The unsaturated carbon atoms exhibited act as
anchor sites to immobilize Pd nanoparticles, which efficiently prevents the Pd NPs aggregation
and leaching. The porous graphene confined the Pd NPs strongly like a pliers, assuring the
cycling and stability of Pd@GLCs. (3) the graphene-like carbon nanosheets generated in the
layered silicate had relatively large surface area. The measured BET surface area of Pd@GLCs
composite was 517.6 mz/g. The large surface area and hydrophobic nature of the GLCs would
adsorb H; and olefins, facilitating the effective contact between reagents and the spread out of
the products.

Conclusions

In summary, the Pd@GLCs composite with the structure that Pd NPs embedded in the pores of

porous GLCs were fabricated by growth and graphitization of carbon source around Pd NPs in

the interlamellar space of layered silicate. The Pd@GLCs composite exhibited not only high
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activity to the hydrogenation of olefins, but also superb stability. The conversion of styrene in

the hydrogenation reaction maintained higher than 91.7% even after calcination of Pd@GLCs at

oNOYTULT D WN =

900 °C for 2 times in the 8" reaction cycle, which was much better than the commercial Pd/C.
10 The superior catalytic performance of the Pd@GLCs was benefited from their specific structure.
The increased edge and defect of GLCs layers provided more adsorption sites for reagents, while
15 the interaction between Pd NPs and GLCs enhanced the activity, and the confinement of Pd NPs

17 by the GLCs much increased their catalytic stability.

22 Supporting Information

25 The Supporting Information is available free of charge on the ACS Publications website at DOI:
27 Details on the SEM and TEM images of RUB-15, the XRD patterns of Pd@out-GLCs, and the
30 N, adsorption—desorption curve of Pd@GLCs..
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ABBREVIATIONS

GLCs, graphene-like carbon nanosheets.
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