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ABSTRACT

Metal isolated single atomic sites catalysts have attracted intensive attention in recent years owing to their maximized atom
utilization and unique structure. Despite the success of single atom catalyst synthesis, directly anchoring metal single atoms on
three-dimensional (3D) macro support, which is promising to achieve the heterogenization of homogeneous catalysis, remains a
challenge and a blank in this field. Herein, we successfully fabricate metal single atoms (Pd, Pt, Ru, Au) on porous carbon nitride/
reduced graphene oxide (CsN4/rGO) foam as highly efficient catalysts with convenient recyclability. CsN4/rGO foam features
two-dimensional microstructures with abundant N chelating sites for the stabilization of metal single atoms and vertically-aligned
hierarchical mesostructure that benefits the mass diffusion. The obtained Pd:/C3N4/rGO monolith catalyst exhibits much enhanced
activity over its nanoparticle counterpart for Suzuki-Miyaura reaction. Moreover, the Pd;/C3N4/rGO monolith catalyst can be readily
assembled in a flow reactor to achieve the highly efficient continuous production of 4-nitro-1,1'-biphenyl through Suzuki-Miyaura

coupling.
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1 Introduction

Homogeneous catalysts feature ultrahigh catalytic efficiency
owing to the facile contact of reaction substrates with catalysts
in the same phase [1]. Nevertheless, the difficulty of separating
homogeneous catalysts from the products poses grand challenges
in controlling the cost and purity of the product [2].
Nanocatalysts can be applied in both the liquid-solid phase
and gas-solid phase reactions, which are readily separable
from the reaction mixtures for another cycle of the catalytic
reaction [3, 4]. However, metal utilization is low compared with
homogeneous catalysts [5]. Metal isolated single atom sites
(ISAS) catalysts have recently emerged as a family of hetero-
geneous catalysts that feature atomically dispersed, well-defined
metal active sites resembling homogeneous catalysts [6-12]. To
date, many ISAS catalysts have been reported with satisfactory
catalytic properties, and most of these catalysts are solids
that consist of a collection of large numbers of particles. For
powder catalysts, their separation from the liquid/gas reaction
phase and the ability for continuous production are inferior
to the monolith catalyst, which defined as a single block of
catalytic materials through which reactants and products
are transported by convective processes (flow reaction) [13].

Anchoring isolated metal sites on a macroscopic solid support
as the monolith catalyst represents an ideal strategy to achieve
the heterogenization of homogeneous catalysts and to accelerate
the reaction rate of nanocatalysts via exposing more active sites
[14, 15]. Moreover, the application of the monolith catalyst
facilitates the integration of single atom catalysts to macroscopic
catalytic materials, so as to achieve continuous production
of organic catalysis [16, 17]. Until now, although numerous
methods have been developed for the synthesis of ISAS
catalysts [18-23], little efforts have been devoted to fabricating
atomic-level ISAS onto three-dimensional (3D) macroscale
catalytic materials [24].

Two factors should be considered when designing the ISAS
monolith catalysts. First, there should be abundant anchoring
sites on the monolith support for the stabilization of metal single
atoms [25]. Second, the support should be in the macroscopic
dimension, which possesses an accessible internal surface for
the efficient catalytic reaction [26, 27]. 3D reduced graphene
oxide (rGO) foams are porous materials constructed by ultra-thin
corrugated rGO nanosheets [28-30]. The rGO foams feature
low density, high specific area, and tailorable shape, making it
an ideal monolith support for ISAS active center. rGO foams
can be assembled by hydrothermal treatment of two-dimensional
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(2D) graphene oxide (GO) nanosheets. The arrangement of
2D rGO sheets in 3D rGO foam can be rationally tuned by
modifying the hydrothermal parameters [31]. rGO features
anchoring sites for stabilization of metal single atoms, but the
anchoring sites are sparse, making it difficult to prepare high-
loading metal single atom catalysts. Combining rGO with 2D
materials that possess abundant ligating atoms, such as carbon
nitride (CsNu), is an effective strategy to tackle this challenge.

Herein, we report the rational design of M1/CsN4/rGO (M =
Pd, Pt, Ru, Au) monolith catalysts with 3D macrostructure for
heterogenization of homogeneous catalysis. The porous and
orderly assembled Mi/CsN4/rGO catalysts feature large specific
area, well-defined channels for the facile mass diffusion and
catalytic reaction between reactants and active sites. The Pd./
CsNu/rGO catalytic foam exhibits much-improved activity than
Pd nanoparticles for Suzuki-Miyaura reaction. When assembled
in a flow reactor, the Pdi/C;N4/rGO catalytic foam can realize
the continuous production of 4-nitro-1,1'-biphenyl with steady
reaction rates of about 12 mmol-gpa™-min™".

To fabricate 3D C;N4/rGO foam as the support, the 2D layered
GO and C;N, were separately synthesized as the starting
materials (Fig. 1(a)). CsN4 was obtained by heating a mixture
of dicyandiamide and ammonium chloride at a temperature of
550 °C. GO was prepared according to a modified Hummers’
method, by which the natural graphite powder was chemically
oxidized and exfoliated to single-layered structures (see the
Electronic Supplementary Material (ESM) for detailed pro-
cedures). Scanning electron microscopy (SEM) image of GO
showed an average lateral size of 10.14 um (Fig. S1 in the ESM)
and the Raman spectrum of GO displayed typical D- (1,340 cm™)
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and G-band (1,580 cm™) of GO with an In/Is of 0.87 (Fig. S2 in
the ESM). Thereafter, GO and CsN, powders were suspended
in a KOH aqueous solution and subjected to hydrothermal
treatment. During this process, GO nanosheets partially
converted to rGO and collaboratively assembled with C;N,
to form 3D macroscopic foams. The use of KOH during
the hydrothermal treatment was the key to the formation of
C3N4/rGO monolith with well-aligned microstructures. As can
be seen from the SEM images (Figs. 1(b)-1(d)), the CsN4/rGO
layers possessed orderly organized onion-like microstructure
through the cross-section of C;Nu/rGO foam cylinder. The
CsN4/rGO walls were vertically aligned with an average distance
of 25 um and meanwhile linked with each other by some
CiN4/rGO fragment. The orderly alignment and bridging of
C:Ny/rGO endowed the monolith with accessible internal surface
and efficient mass transfer capability, which is essential to
the catalytic property of Mi/C;N4/rGO monolith. C;N+/rGO
monolith prepared under the same hydrothermal conditions
without adding KOH led to disordered microstructures (Fig. S3
in the ESM). We measured the thickness of the GO sheets
building block by the atomic force microscopy (AFM). The
sheet height of about 0.7 nm corresponded to that of one
individual GO layer (Fig. 1(e)).

The as-prepared C;N4/rGO foam was used as the support to
adsorb Na,PdCls precursors and then calcined to decompose
the metal precursor and anchor Pd single atoms onto CsN4/rGO
(Fig. 1(a)). By analyzing the N, adsorption/desorption isotherms
on Pdi/C;N«/rGO, the Brunauer-Emmett-Teller (BET) specific
surface area of Pdi/C;Nu/rGO catalytic foam was determined
to be 132.9 m*g™' (Fig. $4 in the ESM). The morphology and

Pd,/C;N,/rGO
monolith catalysts

Figure 1 (a) Synthetic scheme of Pdi/CsN4/rGO monolith catalysts. (b)-(d) SEM images of Pdi1/CsNa/rGO with different magnifications. Insets of (b) are
the photographic images of the 3D Pdi/CsN4/rGO monolith catalyst. (e) AFM image of GO substrate, (f) EDS elemental mapping and (g) high-resolution

HAADEF-STEM image of Pdi/CsN4/rGO.
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elemental distribution of Pdi/C;N4/rGO were characterized by
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDS). As shown in the elemental mapping
(Fig. 1(f)), the N and C constituted the main components of
the hybrid layer with Pd elements homogeneously distributed
on the substrate. In the HAADF-STEM image (Fig. 1(f)),
no Pd nanoparticles were observed, indicating the Pd was
ultra-finely dispersed in CsN4/rGO. Furthermore, we utilized
high-resolution HAADF-STEM to observe the sample. It is
clearly shown that the Pd existed as isolated single atom sites
on the 2D C:N4/rGO sheet with no aggregated Pd nanoparticles
or clusters (Fig. 1(g)), providing direct evidence for the existence

of Pd single atoms.

Extended X-ray absorption fine structure (EXAFS) and
X-ray absorption near-edge structure (XANES) measurements
were performed to further characterize the atomic dispersion
and electronic structure of Pd. The EXAFS curve of Pdi/CsNJ/
rGO only showed one main peak located at about 1.5 A, which
could be attributed to the Pd-N(O) scattering path (Fig. 2(a)).
On the contrary, the Pd-Pd peak at about 2.5 A was not
detected in the Pdi/CsN4/rGO sample. The XANES curve of
Pd)/CsN4/rGO showed near-edge absorption energy between
those of Pd foil and PdO (Fig. 2(b)), indicating the Pd atoms
in the catalyst carried partial positive charges with an oxidation
state between zero and bivalence. The oxidation stated of
Pd./CsN4/rGO was also demonstrated by X-ray photoelectron
spectroscopy (XPS) measurement. As shown in Fig. S6 in the
ESM, the Pd 3d spectrum can be deconvoluted into two peaks
at binding energies of 337.24 and 342.6 eV, corresponding
to 3ds» and 3ds. level, respectively. The peak positions of
Pdi/CsN4/rGO are between those of PA(II) and Pd(0).

These analyses demonstrated Pd atoms were atomically
dispersed in the Pdi/CsN4/rGO sample, consistent with the
high-resolution HAADF-STEM observations. Wavelet transform
(WT) of Pd K-edge EXAFS analysis, which features powerful
resolutions in both k and R spaces, was carried out to further
verify the atomic dispersion of Pd in Pdi/CsN4/rGO (Fig. 2(c)).
By comparing the WT contour plots of PdO and Pd foil, it can
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be discerned that the intensity maxima at about 5 and 8.0-
8.5 A™! were respectively correlated with Pd-O and Pd-Pd
contributions. For the WT contour plots of the Pd,/CsN4/rGO,
only one intensity maximum at about 5 A™" is detected, which
could be attributed to the Pd-N(O) coordination, and no
intensity maximum belonging to Pd-Pd contribution was
observed. Furthermore, we performed EXAFS fitting to obtain
the quantitative structural parameters of Pd in the Pdi/CsN./rGO.
The EXAFS fitting parameters were listed in Table S2 in the
ESM, and the fitting curves were exhibited in Fig. S5 in the ESM.
Based on the EXAFS data and fitting results, we can infer the
Pd was coordinated by three chelating nitrogen atoms on the
CsN. as shown in Fig. S5 in the ESM.

Based on the above analyses, we successfully fabricated
the Pdi/CsN4/rGO by a hydrothermal treatment of C;N4/rGO
mixed suspension followed on the adsorption and reduction
of Pd precursors. This method can be facilely applied for
the preparation of other noble metal (Pt, Au, Ru) based ISAS/
CsNy/rGO monolith catalysts. By replacing the Na,PdCly
precursors with Pt(acac),, Ru(acac); and HAuCls, Pt-ISAS, Ru-
ISAS, and Au-ISAS on C;Nu/rGO can be fabricated with similar
experimental procedures (experimental details please refer to
the ESM), respectively. Transmission electron microscopy (TEM)
images (Figs. 3(a)-3(c)) and high-resolution HAADF-STEM
images (Figs. 3(d)-3(f)) of Pti, Aui, Rui/CsN4/rGO displayed
two-dimensional microstructures with numerous bright metal
single atoms distributed on the substrate. Loading content of
each metal is seen in Tables S1 and S3 in the ESM.

Taking Pdi/CsN4/rGO as a demonstration, we show how the
M./CsN4/rGO monolith catalyst can be applied for enhanced
catalytic efficiency. As is well known, Pd is one of the most
powerful catalysts for carbon-carbon couplings, such as Suzuki
reaction and Heck reaction. Herein, the Suzuki-Miyaura reaction
was selected as a model reaction to study the catalytic behavior
of Pdi/C;Ny/rGO. Pdi/CsN4/rGO, as a monolith catalyst with
pores and accessible catalytic sites, can be directly applied as
catalysts for organic reactions in batch reaction. As shown
in Fig. 4, for reaction in a flask with magnetic stirring, our
Pdi/CsN4/rGO exhibited much enhanced catalytic reactivity
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Figure 2 (a) Fourier transforms of Pd K-edge EXAFS experimental data for Pdi/CsN4/rGO and referenced materials. (b) XANES of Pd K-edge for
Pd)/CsN4/rGO with reference materials Pd foil and PdO. (c) Wavelet transforms for the Pd K-edge EXAFS signals for Pdi/CsN4/rGO and reference

materials.
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Figure 3 (a)-(c) TEM images and

respectively.

than its nanoparticle counterpart Pdnuo/CsNa/rGO. The Pdi/
CsNy/rGO was able to fully convert p-iodinitrobenzene into
4-nitro-1,1'-biphenyl in about 60 min (Fig. 4(a)). In contrast,
the yield of Pduano/C:sN4/rGO was lower than that of Pdi/CsNJ/
rGO (Fig. 4(b)), indicating that downsizing Pd nanoparticles
into Pd-ISAS on C;N4/rGO can improve the catalytic efficiency
for Suzuki-Miyaura reaction.

On the other hand, the hierarchical structure, that is, the
ordered arrangement of C;Nu/rGO nanosheets, is also a vital
factor for the catalytic performance of Pdi/CsNi/rGO. The
orderly assembly of C;N4/rGO nanosheets benefits the diffusion
of reaction substrate within Pdi/C:Ns/rGO monolith. In contrast,
the disordered C;N4/rGO nanosheets units may bring in
hindrance for the contact of organic substrate and Pd catalytic
active sites. As shown in Fig. 4(a), and Figs. S7 and S8 in the
ESM, the turnover frequency (TOF) value of Pdi/C:N4/rGO
(362.37 h™") is significantly higher than that of Pd-ISAS on
disordered CsN4/rGO foam (144.72 h™') and commercial Pd/C’s
TOF value (87.8 h™').

More importantly, in virtue of the 3D macrostructure of

Nano Res. 2020, 13(4): 947-951
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(d)-(f) high-resolution HAADF-STEM images of Pt;/C3sN4/rGO, Aui/C3N4/rGO, Rui/CsN4/rGO monolith catalysts,

C:N4/rGO foam, Pdi/CsNu/rGO can be readily assembled in a
flow reactor for continuous production. As shown in Fig. 4(c)
and Fig. S9 in the ESM, the Pdi/C;N4/rGO monolith catalysts
were placed in a home-made flow reactor. The reaction solution
was added from the top of the glass column and recycled by a
flow pump. The catalytic efficiency in a catalytic column (TOF
value 374.43 h™") was very close to that stirred in a flask (TOF
value 362.37 h™'), suggesting the substrate diffusion was not
compromised in the flow reactor. Comparing the Pd contents
in Pdi/CsN4/rGO before and after flow reaction, it was concluded
that almost no Pd atoms leached during the reaction (Table S1
in the ESM). Moreover, the elemental mappings and high-
resolution HAADF-STEM of Pdi/C;N4+/rGO after reaction in
the flow reactor indicated the Pd elements retained as ISAS on
the C;N4/rGO foam substrate (Figs. S10 and S11 in the ESM).

For the continuous production test, we pumped the liquid
reaction mixture through the Pdi/C;N4/rGO monolith catalysts,
collected and analyzed the product solution at the outlet of the
catalytic column.

The Pd,/CsNy/rGO steadily catalyzed the Suzuki-Miyaura
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Figure 4 Yield of 4-nitro-1,1-biphenyl as a function of time in the Suzuki-Miyaura reaction catalyzed by (a) Pdi/CsNa/rGO (batch reaction),
(b) PdnanoCsN4/rGO (batch reaction), and (c) Pdi/CsN4/rGO (flow reactor). (d) The reaction rate (mmol-gea'-min") as a function of time-on-stream over

Pdi/C5N4/rGO monolith catalysts in continuous-flow reactor.
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reaction with production rates of 12.8 mmol-ges “min~" during a
10-hour flow reaction test (Fig. 4(d)), demonstrating the versatile
catalytic capability of Pdi/CsN+/rGO monolith catalysts for
both batch reactions and flow reactions.

In summary, we developed a general method for the
fabrication of metal-ISAS on the 3D C;N4/rGO foams (Pd, Pt,
Ru Au). The implementation of Pdi/CsN4/rGO as novel single
atom monolith catalysts allowed the efficient Suzuki-Miyaura
reaction in both batch and flow reactions. The catalytic results
also underlined the importance of an orderly-aligned assembly
of C:N4/rGO nanosheets when designing 3D macro-ISAS
catalysts. We believe this work will enlighten the manufacturing
and application of single atom monolith catalysts for hetero-
genization of homogeneous catalysis with high-efficient
continuous production.
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