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Improving the transfer hydrogenation of N-heteroarenes is of key importance for various industrial pro-
cesses and remains a challenge so far. We reported here a microcapsule-pyrolysis strategy to quasi-
continuous synthesis S, N co-doped carbon supported Co single atom catalysts (Co/SNC), which was used
for transfer hydrogenation of quinoline with formic acid as the hydrogen donor. Given the unique ge-
ometric and electronic properties of the Co single atoms, the excellent catalytic activity, selectivity and
stability were observed. Benefiting from the quasi-continuous synthesis method, the as-obtained cata-
lysts provide a reference for the large-scale preparation of single atom catalysts without amplification ef-
fect. Highly catalytic performances and quasi-continuous preparation process, demonstrating a new and
promising approach to rational design of atomically dispersed catalysts with maximum atomic efficiency

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Transfer hydrogenation of N-heteroarenes is an essential pro-
cess for synthesizing important intermediates applied in the phar-
maceutical, agrochemical and petrochemical fields [1,2]. In this
process, formic acid, as a “liquid hydrogen donor”, has received
wildly interest for catalytic transfer hydrogenation [3], and the se-
lective hydrogenation of N-heteroarenes has become one of the
most challenging reactions due to their high resonance stability
and the possible poisoning of the catalyst [3]. So far, much work
of transfer hydrogenation reactions has focused on the precious
metals-based heterogeneous catalysts, e.g., Pt [4,5], Pd [6], Rh [7,8],
Au [9,10] and Ru [11,12]. However, the high cost and rareness of
such noble metal catalysts restrict their practical applications. From
the viewpoint of economic and environmental perspectives, de-
veloping a low-cost and earth-abundant metal catalyst with sat-

* Corresponding authors at: Fine Chemical Industry Research Institute, School of
Chemistry, Sun Yat-sen University, Guangzhou 510275, China.
E-mail addresses: heqian27@mail.sysu.edu.cn (Q. He), jihb@mail.sysu.edu.cn (H.
Ji).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2021.10.004

isfactory activity, selectivity and stability for realizing the efficient
transformations of various N-heterocycles is highly desirable.

In recent years, nitrogen-doped porous carbon loading transi-
tion metal nanoparticles (NPs), such as Fe, Co [3,13,14], have been
considered to be one of the most cost-effective heterogeneous
catalysts for selective hydrogenation of N-heterocycles. Yun et al.
[14] recently reported a nitrogen (N)-doped carbon nanotube en-
capsulated Co NPs to achieve a high catalytic activity in selective
hydrogenation of quinolines. Chen et al. [3] prepared a Co NPs
anchored on N-doped carbon (Co/Melamine-2@C-700), which dis-
played high activity and selectivity for the reduction of diverse N-
heteroarenes. Despite these achievements, because heterogeneous
catalysis usually occurs on the surface of the catalysts, to further
enhance the catalytic properties, it is necessary to downsize the
metal NPs to obtain more exposed active sites.

Single-atom catalysts (SACs) [15], theoretical 100% atom uti-
lization efficiency and superior catalytic properties [16-19], have
emerged as a rising star used as ideal models to deeply under-
stand the mechanism of the reaction at the atomic level. In partic-
ular, due to the great advantages in huge surface area and strong
thermal stability [20], N-doped carbon-supported atomically dis-
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Fig. 1. (a) Scheme of the quasi-continuous synthesis of Co/SNC. (b) AC HAADF-
STEM of Co/SNC. (c) EDS elemental mapping of Co/SNC. (d) AC HAADF-STEM of
Co/SNC(2h) catalysts. (e) XPS of Co/SNC.

persed transition metal (M-N-C, M = Fe, Co, Ni, Cu, etc.) exhibit
superior catalytic performance in various reactions, e.g., oxygen re-
duction reaction [21,22], CO oxidation [23], CO, reduction [24,25],
etc. Besides, it is found that co-doping S atoms in M-N-C single-
site catalysts (M/SNC) could further improve the catalytic perfor-
mance in electrochemical reactions and organic reactions, mainly
because S atom possesses a weaker electronegativity and bigger in
size than N it is expected that partially displacing the N electronic
band structure in the MN, structure with S atoms can significantly
influence the AGy+ value of the transition metal [26-28]. Although
progress has been made on the synthesis of M/SNC SACs, most of
these strategies are batch-type, which seriously hinder the mass
production and practical application of SACs due to the disconti-
nuity, low efficiency and poor batch-to-batch reproducibility. It is
therefore highly desirable to develop a facile method for continu-
ous production of S, N co-doped carbon-supported SACs.

Here, we adopt the microencapsulation-pyrolysis strategy for
quasi-continuous synthesis of S, N co-doped carbon catalyst with
a single Co atom site (Co/SNC) without acid leaching to remove
metal nanoparticles [29-31]. The synthesized Co/SNC can realize
highly efficient selective hydrogenation of quinoline and its deriva-
tives into corresponding 3,4-dihydroquinoline-1(2H)-carbaldehyde.
The reported approach offers an alternative way for the continuous
synthesis of various transitional metal SACs.

The Co/SNC catalyst was synthesized as Fig. 1a. In brief,
the Co(acac), as metal precursors were encapsulated in chi-
tosan/sodium dodecyl sulfate (CS/SDS) hydrogel, and a large num-
ber of C, N and S atoms would be introduced at the same time.
The continuous preparation of Co(acac), microcapsules through a
droplet-generating device can achieve a yield of about 180 mL/h
(~1 g catalyst after pyrolysis). Then, the prepared microcapsules
were pyrolysis at 700 °C under a nitrogen atmosphere to obtain
Co/SNC catalysts. The content of Co atoms in the Co/SNC catalyst
was approximately 0.85 wt% determined by inductively coupled
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plasma optical emission spectrometry (ICP-OES) analysis (Table
S1 in Supporting information). Transmission electron microscopy
(TEM) and dark-field scanning transmission electron microscopy
(STEM) images of Co/SNC catalyst (Figs. S1a and b in Supporting
information) showed that no Co nanoparticles were observed. In
addition, as seen from the image taken by aberration-corrected
high-angle annular dark-field scanning transmission electron mi-
croscopy (AC HAADF-STEM) (Fig. 1b), Co single atoms were circled
in yellow as isolated bright dots. Furthermore, elemental mapping
spectroscopy demonstrated that all the elements of Co, N, S and C
were uniformly distributed (Fig. 1c), indicating the Co single atoms
were dispersed uniformly on S, N co-doped carbon. More interest-
ingly, when our catalyst fabrication time was selected at the sec-
ond hour, for Co/SNC(2h) in Fig. 1d, the Co species were also atom-
ically dispersed on the carbon supports (marked by the yellow
circles) without distinct Co aggregations, demonstrating the good
control quality in our approach. The X-ray diffraction (XRD) pat-
tern of Co/SNC exhibited two diffraction peaks at 24.7° and 44.0°,
C(002) and a C(100) [32], respectively, indicating the graphitic car-
bon nature of our catalyst (Fig. S2 in Supporting information).
The Brunauer-Emmett-Teller (BET) surface area of Co/SNC was 125
m?/g, and the high specific surface area promotes the chemical
reaction and mass transfer [33]. The X-ray photoelectron spec-
troscopy (XPS) survey revealed that the Co/SNC mainly consisted
of Co, N, S, C and O elements (Fig. 1e and Fig. S3 in Supporting in-
formation). There were two main peaks located at about 781.0 eV
and 796.7 eV in high resolution of Co 2p spectra (Fig. 1e), which
can be assigned to Co 2p3;; and Co 2pq;; [32], respectively, in-
dicating the mixed-valence of Co?* and Co3*t. High-resolution N
1s peak showed four main peaks corresponding to the pyrrolic N
(398.4 eV), pyridinic N (399.8 eV), graphitic N (400.8 eV), and ox-
idized N (406.6 eV) (Fig. S3b) [34]. The high-resolution S 2p peak
showed two main peaks attributed to C-S-C at 165.2 and 164.0 eV
and one peak assigned to —SOx (Fig. S3c) [35].

The X-ray absorption fine structure (XAFS) measurements were
conducted to investigate the chemical state and local coordination
structure of the Co atoms in Co/SNC. The Co K-edge X-ray absorp-
tion near edge structure (XANES) spectra of Co/SNC, Co foil, Co304
and CoO were shown in Fig. 2a. The absorption edges indicated
that the valence of Co atoms in Co/SNC was between Co® and
Co3t [36], which was in line with the XPS results. As shown in
Fig. 2b, the Co/SNC displayed a strong peak near 1.4 A and a weak
peak near 1.6 A, corresponding to Co—N bonding and Co—S bond-
ing [37,38], respectively, and no obvious Co—Co peak (2.2 A) was
detected [37]. Moreover, compared with the contour map of Co foil
reference in wavelet transforms (WT, Fig. 2c), it is found that the
intensity maximum of Co—Co coordination (7.5 A=1) was not ob-
served in Co/NSC (3.9 A-1), which confirmed that the Co species in
Co/SNC were strictly isolated [39]. According to the extended X-ray
absorption fine structure spectrometry (EXAFS) fitting results, the
coordination number of the Co atoms with surrounding N atoms
and S atoms were 3.4 + 0.7 and 0.7 £ 0.1, respectively, manifest-
ing that the single Co atom was coordinated with three N atoms
and one S atom (CoNsS-like structure, Fig. 2d and Table S2 in Sup-
porting information) [40].

The as-obtained catalysts were examined the catalytic activity
for transfer hydrogenation of quinoline with formic acid as a hy-
drogen source to 3,4-dihydroquinoline-1(2H)-carbaldehyde (Fig. 3).
The conversion-time profile of Co/SNC catalysts was shown in
Fig. 3a. Results showed that the Co/SNC catalyst could display ex-
cellent reaction performance (98% conversion and 99% selectivity)
after reaction for 4 h. Under the same reaction conditions, the con-
versions over Co/NC, Co-NPs (11.2 nm in diameter shown in Fig. S4
in Supporting information; same cobalt loading as Co/SNC), metal-
free SNC catalyst, Co(acac), and blank experiment were only 56%,
50%, 13%, 9% and 10%, respectively, demonstrating that the Co sin-
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Fig. 2. (a) Normalized XANES of Co/SNC, Co foil, Co304, CoO. (b) Magnitudes of Fourier-transforms (FT) spectra of EXAFS for Co/SNC, Co foil, Co304, CoO. (c) The wavelet
transforms (WT) for the k3~ weighted EXAFS signals. (d) The corresponding EXAFS R space fitting curves of Co/SNC, inset displays the model of Co/SNC.
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Fig. 3. Performance evaluation for transfer hydrogenation of quinoline. (a) The
quinoline hydrogenation performance of the Co/SNC catalyst at different reac-
tion times. (b) Catalytic activity for transfer hydrogenation of quinolines with
formic acid as a hydrogen source by Co/SNC, Co/SNC(2h), Co/NC, Co-NPs, SNC,
Co(acac), and blank condition. (c) Recycle reaction results of Co/SNC catalysts.
(d) AC HAADF-STEM image of the used Co/SNC catalysts. Reaction conditions: Cop
(quinoline) = 0.25 mmol, catalyst dosage = 30 mg, toluene = 1.5 mL, Cy (formic
acid) = 5 mmol, T = 120 °C, reaction time = 4 h.

gle atoms in Co/SNC catalysts play a key role in promoting the
transfer hydrogenation of quinoline (Fig. 3b). To our great delight,
the catalysts of Co/SNC and Co/SNC(2h) exhibited almost the same
catalysis properties (~95% conversion and ~99% selectivity), indi-
cating the two Co/SNC catalysts possessed identical catalytically
active sites in the transfer hydrogenation of quinoline. More im-
portantly, the Co/SNC still maintained high reactivity (92% conver-
sion and 99% selectivity) after five runs (Fig. 3c), without any obvi-
ous metal loss (0.85 wt% vs. 0.83 wt%) or observed metal aggrega-
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tion (Fig. 3d). These results indicated the good structural stability
and reusability of our Co/SNC catalyst possessed, which was sig-
nificantly important in industry applications. Next, the formic acid
dehydrogenation over the Co/SNC catalyst was performed at 120 °C
without any additives (Fig. S5 in Supporting information). It was
found that the Co/NC, Co-NPs, metal-free SNC catalyst, Co(acac),
and blank experiments exhibited a low gas-production rate (GPR,
<50 mL g~! h~1) in formic acid dehydrogenation. As expected, the
catalytic activity was significantly increased when using Co/SNC as
the catalysts (GPR = 175 mL g~! h=1), which can be ascribed to
the highly dispersed Co species. Thus, these Co/SNC catalysts were
also of significant interest for hydrogen generation processes.

Co/SNC was further tested for transfer hydrogenation of a vari-
ety of N-heterocyclic substrates. As shown in Table 1, an electron-
donating group in quinoline derivatives (-Me or -OMe), trans-
fers hydrogenation up to 90% conversion and 99% selectivity
(Table 1, entries 1 and 2). As expected, an electron-withdrawing
group in quinoline derivatives (-COOMe, -F, -Ph) were also con-
verted to the desired products in high to excellent conversions
(Table 1, entries 3-5). Moreover, a 90% conversion of 7-fluoro-
2-methyl-quinoline into 7-fluoro-2-methyl-3,4-dihydroquinoline-
1(2H)-carbaldehyde was observed (Table 1, entry 6). Apart from
quinoline derivatives, N-heteroarenes such as phthalazine, supe-
rior conversion and high selectivity were also achieved (Table 1,
entry 7).

In summary, we have developed a quasi-continuously synthe-
sized of atomically dispersed Co/SNC catalysts through the mi-
crocapsule pyrolysis strategy. The synthesized Co/SNC exhibits re-
markable activity, selectivity and reusability for transfer hydro-
genation of quinoline with formic acid as a hydrogen source (up
to 95% conversions and 99% selectivity). In addition, a broad range
of N-heterocyclic substrates including quinoline derivatives and ph-
thalazine were realized with the Co/SNC catalysts. More inspiringly,
our microcapsule precursor method endowed Co SACs catalysts ob-
tained from different time [Co/SNC and Co/SNC(2 h)] with very
similar catalytic sites, evidenced by structural characterization and
catalytic-performance evaluation results. In brief, this work pro-
vides a simple strategy for the quasi-continuous production of cat-
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Table 1
Transfer hydrogenation of quinolines with formic acid catalyzed by Co/SNC3.
Entry Substrate Product Conv. (%) Selec. (%)
L
1 CHO 99 99
_o
N
2 N7 ¢HO 95 99
0
[e] \O)Uj
N,
m \
3 N CHO 94 99
X
N7 N
4 F F  CHO 80 99
O @
O o 0
5 CHO 85 99
< L
JOL ey
6 F N CHO 90 99
s
) |
7 N Ncho 99 99

@ Reaction conditions: substrate (0.1 mmol), catalyst (30 mg), formic acid
(5 mmol), toluene (1.5 mL), 120 °C, 12 h. The conversions and gas chromatography
(GC) yields were calculated by using of n-dodecane as an internal standard. The
molecular structures of products were characterized by NMR and mass spectrum
(Figs. S5-S20 in Supporting information).

alysts with atomically dispersed Co sites for transfer hydrogenation
reactions, conducive to catalytic research and industrial production.
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