#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Atomically dispersed Fe atoms anchored on COF-
derived N-doped carbon nanospheres as efficient
multi-functional catalystst

i ") Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 786

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Shengjie Wei,1? Yu Wang,1® Wenxing Chen,© Zhi Li,** Weng-Chon Cheong,?
Qinghua Zhang,® Yue Gong, @9 Lin Gu, ©9 Chen Chen,? Dingsheng Wang, &2

Qing Peng? and Yadong Li & *2

Non-noble metal isolated single atom site (ISAS) catalysts have attracted much attention due to their low
cost, ultimate atom efficiency and outstanding catalytic performance. Herein, atomically dispersed Fe
atoms are prepared by a covalent organic framework (COF)-absorption—pyrolysis strategy. The obtained
Fe ISASs anchored on COF-derived N-doped carbon nanospheres (Fe-ISAS/CN) served as a multi-
functional catalyst in electro-catalysis and organic catalysis, exhibiting better catalytic performance than
commercial Pt/C for the ORR with good stability and methanol tolerance. Besides electro-catalysis, the
Fe-ISAS/CN also showed outstanding catalytic performance in organic reactions, such as the selective
oxidation of ethylbenzene to acetophenone and dehydrogenation of 1,2,3,4-tetrahydroquinoline with

excellent reactivity, selectivity, stability and recyclability. Co and Ni ISAS materials can also be prepared
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Introduction

Recently, metal isolated single-atom site (ISAS) catalysts as
a new frontier of catalysis has attracted much interest owing to
the ultimate atom utilization efficiency and outstanding cata-
lytic performance.’ In particular, non-noble metal ISASs
anchored on carbon-based substrates have been extensively
utilized in electro-catalysis®® and organic reactions.”™
However, the development of multi-functional non-noble metal
ISASs which can catalyze both electro-catalysis and organic
reactions has rarely been reported. Therefore, it is significant
and challenging to design multi-functional non-noble metal
ISAS catalysts with excellent catalytic performance not only in
electro-catalysis but also in organic reactions. Besides, it is
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meaningful to rationally design the synthetic route and opti-
mize the structure of the supports in order to dramatically boost
the catalytic performance of metal ISASs and to reduce the
usage of metal elements and catalyst cost but this is a great
challenge.

Nitrogen doped carbon-based (CN) nanomaterials, serving
as a common and efficient support in electro-catalysis due to
their outstanding conductivity, are usually utilized to prepare
metal ISAS catalysts, in which nitrogen atoms serve as
anchoring sites to stabilize metal atoms.*** Nitrogen doped
carbon can usually be obtained by pyrolyzing nitrogenous
precursors, such as MOFs,**™*® COFs,**** polymers®>** and small
organic molecules.”*** However, metal ISASs anchored on COF-
derived CN materials have rarely been studied. COF materials
have widely been applied in gas storage and separation,**>*
energy conversion®-° and catalysis®**** since the concept of
COFs was initially proposed by Yaghi's group.** Compared with
MOFs, COF materials are metal-free after pyrolysis. Therefore,
compared with metal ISASs anchored on MOF-derived N-doped
carbon, it is much easier to characterize and determine the
catalytic role of metal ISASs anchored on COF-derived N-doped
carbon, effectively avoiding the disturbance from metal
elements as impurities from supports.

Herein, we prepare atomically dispersed Fe atoms anchored
on COF-derived N-doped carbon nanospheres by a COF-
absorption-pyrolysis strategy. The obtained Fe-ISAS/CN

This journal is © The Royal Society of Chemistry 2020
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exhibited better catalytic performance for the ORR in alkaline
media with a half-wave potential of 0.861 V, which is 21 mV
more positive than that of commercial 20 wt% Pt/C, and showed
good stability and good methanol tolerance. Besides electro-
catalysis, the Fe-ISAS/CN also exhibited excellent catalytic
performance in catalyzing organic reactions. In the selective
oxidation of ethylbenzene to acetophenone and dehydrogena-
tion of 1,2,3,4-tetrahydroquinoline to quinoline, the Fe-ISAS/CN
showed high reactivity, high selectivity and good recyclability.
Although many Fe ISAS catalysts have been widely used in the
ORR>*?*>%737 and organic reactions,”® Fe ISAS catalysts as multi-
functional catalysts in both electro-catalysis and organic reac-
tions have rarely been reported. The multi-functional Fe-ISAS/
CN derived from Fe ion-doped COFs will provide new insight
into the synthesis of multi-functional catalysts not only for
electro-catalysis but also for organic catalysis and the usage of
COFs as the precursors of supports to anchor metal ISASs. Co
and Ni-ISAS/CN can also be achieved by this method, demon-
strating that it is a general strategy to prepare metal ISAS
catalysts.

Compared with previously reported metal ISAS catalysts
anchored on CN substrates, the Fe-ISAS/CN can serve as a multi-
functional catalyst not only in electro-catalysis but also in
organic reactions. Therefore, it is necessary to explore the
uniqueness of the synthetic method and the structure of the
catalyst. For the synthesis, the “COF-absorption-pyrolysis”
strategy is simple and robust. During catalysis, the sole exis-
tence of metal ISASs without metal elements as impurities from
the substrate can effectively prevent the disturbance from metal
elements as impurities. Besides, the morphology and size
distribution of the substrate also play an important role in
catalysis. The RT-COF-1 nanospheres and the corresponding N-
doped carbon nanospheres have homogeneous size distribu-
tion and morphology, with good dispersivity in liquid solvents,
facilitating the absorption of metal precursors during synthesis
and the exposure of metal ISASs during catalysis, improving the
molecular contact between the catalytically active sites and
reactants and further boosting the catalytic performance of
metal ISASs. Therefore, the combination of the rational “COF-
absorption—-pyrolysis” strategy and the homogeneous size
distribution and morphology of the substrate synergistically
and effectively boosts the catalytic performance of Fe-ISAS/CN
not only in electro-catalysis but also in catalyzing organic
reactions.

In brief, the “COF-absorption—pyrolysis” strategy utilizes the
COF material as a precursor to anchor metal ISASs, which has
rarely been reported, providing new insight into the rational
design of metal ISASs anchored on COFs or COF-derived
substrates. The absence of metal elements from COFs and
COF-derived CN facilitates the characterization and investiga-
tion of the catalytic mechanism of metal ISAS active sites,
effectively avoiding the disturbance from the metal elements as
impurities from substrates. Compared with other Fe-based ISAS
catalysts, which can only catalyze electro-catalysis or organic
reactions, the Fe-ISAS/CN in our work can serve as a multi-
functional catalyst not only in electro-catalysis but also in
organic reactions, providing new insight into the design of
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multi-functional catalysts for electro-catalysis and organic
reactions using rationally designed synthetic routes and the
optimized structure of the substrates.

Results and discussion

The synthesis procedure is illustrated in Fig. 1a. Firstly, RT-
COF-1 was obtained by a simple and robust method at room
temperature in several minutes. 1,3,5-tris(4-aminophenyl)
benzene and 1,3,5-benzenetricarboxaldehyde serving as mono-
mers were polymerized in an acidic medium. Then, metal ions
were incorporated into RT-COF-1 by coordination between
metal ions and nitrogen atoms in RT-COF-1. After pyrolysis
under an inert atmosphere, metal ISASs were stably anchored
on COF-derived N-doped carbon nanospheres. The N-doped
carbon nanospheres maintained the original morphology and
size distribution of RT-COF-1 after pyrolysis. As shown in
Fig. 1b-d and Fig. S1-S3,1 no metal nanoparticles were found in
the HAADF-STEM images after pyrolysis. The corresponding
energy dispersive X-ray spectroscopy elemental maps showed
that C, N and metal (Fe, Co and Ni) elements were distributed

absorption

> (

Fig.1 (a) Schematic illustration of the synthetic process of metal ISASs
anchored on COF-derived N-doped carbon nanospheres. (b)-(d)
HAADF-STEM images of Fe-ISAS/CN, Co-ISAS/CN and Ni-ISAS/CN,
respectively. (e)-(g) Corresponding energy dispersive X-ray spec-
troscopy elemental mapping results of Fe-ISAS/CN, Co-ISAS/CN and
Ni-ISAS/CN, respectively. (h)—(j) AC-STEM images of Fe-ISAS/CN, Co-
ISAS/CN and Ni-ISAS/CN, respectively; metal ISASs are highlighted
with white circles for better observation.
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homogeneously on the substrate (Fig. le-g). Inductively
coupled plasma optical emission spectrometry (ICP-OES)
measurement also demonstrated the existence of metal
elements (Table S1t). The X-ray diffraction (XRD) patterns of Fe,
Co and Ni-ISAS/CN only had two broad peaks around 25° and
44°, which were attributed to the characteristic carbon (002) and
(100)/(101) diffractions (Fig. S4-S67). Fe, Co and Ni ISASs were
directly observed by aberration-corrected scanning trans-
mission electron microscopy (AC-STEM) measurement as
shown in Fig. 1h-j and Fig. S7-S9,} respectively. The metal
ISASs, which were labelled using white circles, were atomically
dispersed on the CN substrate.

To gain a better understanding of the structure of Fe-ISAS/
CN at the atomic level, X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
were performed. The position of the near-edge absorption
energy of Fe-ISAS/CN was located between those of Fe foil and o-
Fe,03, indicating that the Fe element of Fe-ISAS/CN carried
a partial positive charge (Fig. 2a). The curves in R space of
Fourier transform EXAFS (FT-EXAFS) spectra are exhibited in
Fig. 2b. Compared with those for Fe foil and a-Fe,O;, there was
only one dominant peak around 1.5 A, which was assigned to
the Fe-N/C bond, indicating the atomic dispersion of the Fe
element. By contrast, there was a prominent peak located at 2.3
A in the curve of Fe foil, which was attributed to the Fe-Fe bond.
The two dominant peaks around 1.5 A and 3.0 A in the curve of
a-Fe,O; were attributed to the Fe-O bond and Fe-Fe bond,
respectively. We performed quantitative EXAFS fitting to deter-
mine the coordination number of Fe-ISAS/CN. Based on the
fitting results in R space and k space (Fig. 2c and d, Table S27),
the coordination number of Fe-ISAS/CN was 4.1. Therefore, the
atomic dispersion of Fe-ISAS/CN was well-confirmed by
combining the analysis of AC-STEM observation and EXAFS
measurement. The XANES and EXAFS measurement results of
Co-ISAS/CN and Ni-ISAS/CN are exhibited in Fig. S10 and S11,}
respectively.

We investigated the ORR activity of Fe-ISAS/CN by using
a three-electrode system in an O,-saturated 0.1 M KOH solution.
The Fe-ISAS/CN exhibited better ORR catalytic performance
with a more positive half-wave potential (E;,, = 0.861 V) and
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Fig. 2 (a) XANES spectra of Fe-ISAS/CN, Fe foil and a.-Fe,Os at the Fe
K-edge. (b) Fourier transform (FT) spectra at the Fe K edge of Fe-ISAS/
CN, Fe foil and a-Fe,Os3. (c and d) The fitting results of the EXAFS
spectra of Fe-ISAS/CN in R space and k space, respectively.
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higher kinetic current density at 0.85 V (J, = 5.47 mA cm 2),
compared with commercial 20 wt% Pt/C (E;, = 0.840 V, Ji =
4.53 mA cm ™ ?) (Fig. 3a and b). The comparison of ORR catalytic
performance between Fe-ISAS/CN and other reported Fe-based
electrocatalysts is listed in Table S3.1 By contrast, the N-doped
carbon nanospheres (CNs) after pyrolysis of pure RT-COF-1
without Fe loading exhibited a very poor ORR activity with an
E4), of 0.633 V, proving that the active sites of the ORR were Fe
species rather than the CN substrate. When we increased the Fe
loading supported on RT-COF-1, appreciable amounts of Fe
nanoparticles supported on CN (Fe/CN) were formed after
pyrolysis, which was confirmed by HAADF-STEM observation
(Fig. S127). The ORR performance of Fe/CN showed an obvious
decay with an E;,, of 0.812 V, 49 mV negative than that of Fe-
ISAS/CN, demonstrating the superior catalytic performance of
Fe-ISAS/CN compared to Fe/CN in the ORR. The linear sweep
voltammetry (LSV) measurement at different rotating rates
demonstrated that the Fe-ISAS/CN underwent a four-electron
ORR pathway (Fig. 3c) and the H,0, yield of Fe-ISAS/CN was
investigated by using a rotating ring disk electrode (Fig. S137).
As shown in Fig. 3d, the Fe-ISAS/CN had a Tafel slope of 78 mV
dec™! similar to that of commercial 20 wt% Pt/C (79 mV dec™%).
To evaluate the stability of the catalysts, the Fe-ISAS/CN and
commercial 20 wt% Pt/C were cycled from 0.6 V to 1.0 V with
a sweep rate of 50 mV s~ '. After 5000 cycles, there was little
change in the E;, of Fe-ISAS/CN (ca. 4 mV), suggesting the
superior stability of the ORR performance (Fig. 3e). By contrast,
the 20 wt% commercial Pt/C had a poor stability with a 25 mV
decay after 5000 cycles (Fig. S14t). To test the methanol toler-
ance ability, we compared the LSV curves of Fe-ISAS/CN in O,-
saturated 0.1 M KOH with and without 1.0 M CH3;OH. As shown
in Fig. 3f, there is no obvious change in the E, , after injection of
CH;0H, demonstrating the excellent methanol tolerance
ability. In contrast, for 20 wt% commercial Pt/C the cathodic
peak for oxygen reduction disappeared while an obvious peak
for methanol oxidation appeared after injection of a 1.0 M
CH;O0H solution (Fig. S1571), indicating its poor methanol
tolerance.
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Fig. 3 (a) ORR polarization curves for different catalysts. (b) Jx at
0.85 V and Ejy, of Fe-ISAS/CN and commercial 20 wt% Pt/C. (c) ORR
polarization curves at different rotating rates of Fe-ISAS/CN. (d) The
comparison of the Tafel slopes of Fe-ISAS/CN and commercial 20 wt%
Pt/C. (e) ORR polarization curves of Fe-ISAS/CN before and after 5000
cycles. (f) ORR polarization curves of Fe-ISAS/CN without and with
1.0 M CHzOH in O,-saturated 0.1 M KOH.
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Except for electro-catalysis, the Fe-ISAS/CN also exhibited
outstanding catalytic performance in organic reactions. Selec-
tive oxidation of ethylbenzene to acetophenone and dehydro-
genation of 1,2,3,4-tetrahydroquinoline served as two model
reactions to evaluate the reactivity of Fe-ISAS/CN. In the selec-
tive oxidation of ethylbenzene to acetophenone, the Fe-ISAS/CN
showed high conversion (99%) and high selectivity (99%). The
comparison of catalytic performance for the selective oxidation
of ethylbenzene between Fe-ISAS/CN and other reported cata-
lysts is listed in Table S4.f By contrast, the ultrathin Fe nano-
particles supported on the CN substrate (Fe-NPs/CN), (the
corresponding HAADF-STEM images are shown in Fig. S167),
CN and the blank experiment without catalysts exhibited infe-
rior conversion and poor selectivity (Fig. 4a), demonstrating
that the outstanding catalytic performance for selective oxida-
tion of ethylbenzene to acetophenone was attributed to the
existence of Fe ISASs rather than Fe nanoparticles or COF-
derived CN. After 5 cycles, the Fe-ISAS/CN still exhibited high
reactivity with 87% conversion of ethylbenzene and excellent
selectivity (99%) toward acetophenone (Fig. 4b), indicating that
Fe-ISAS/CN had good recyclability. After the cycling test, the Fe
atoms still existed in the ISAS form, which was confirmed by the
results of HAADF-STEM, XANES and EXAFS measurements
(Fig. S17 and S18%).

For the dehydrogenation of 1,2,3,4-tetrahydroquinoline, the
Fe-ISAS/CN showed excellent activity and selectivity, with 100%
conversion and 100% selectivity toward quinolone (Fig. 4c), and
was superior to Fe-NPs/CN, CN and the blank experiment
without catalysts. The comparison of catalytic performance for
dehydrogenation of 1,2,3,4-tetrahydroquinoline between Fe-
ISAS/CN and other reported catalysts is shown in Table S5.1
After 5 cycles, the conversion was 82% and the selectivity was
100%, indicating the good recyclability of Fe-ISAS/CN (Fig. 4d).
After cycling, the atomic dispersion of Fe atoms was confirmed
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Fig. 4 (a) The comparison of the catalytic performance of Fe-ISAS/
CN, Fe-NPs/CN, CN and the blank experiment without catalysts in the
selective oxidation of ethylbenzene to acetophenone. (b) The recy-
cling performance of the Fe-ISAS/CN catalyst in the selective oxidation
of ethylbenzene to acetophenone. (c) The comparison of the catalytic
performance of Fe-ISAS/CN, Fe-NPs/CN, CN and the blank experi-
ment without catalysts in the dehydrogenation of 1,2,3,4-tetrahy-
droquinoline. (d) The recycling performance of the Fe-ISAS/CN
catalyst in the dehydrogenation of 1,2,3,4-tetrahydroquinoline.
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by a combination of HAADF-STEM observation and XANES and
EXAFS analysis (Fig. S19 and S207).

Conclusions

In summary, the Fe-ISAS/CN catalyst was obtained by a COF-
absorption-pyrolysis strategy, which was also applicable to the
synthesis of Co-ISAS/CN and Ni-ISAS/CN, demonstrating that it
is a general method to prepare non-noble metal ISAS catalysts.
The Fe-ISAS/CN catalyst can serve as an efficient multi-
functional catalyst not only in electro-catalysis but also in
organic catalysis. The Fe-ISAS/CN exhibited better ORR activity
than commercial 20 wt% Pt/C, with good stability and methanol
tolerance. In the selective oxidation of ethylbenzene and dehy-
drogenation of 1,2,3,4-tetrahydroquinoline, the Fe-ISAS/CN also
exhibited outstanding reactivity with high conversion, high
selectivity, and good recyclability and stability. This work will
provide new insight into the synthesis of metal ISAS catalysts
anchored on a COF-based substrate as multi-functional
catalysts.
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