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ABSTRACT: Generation of efficient light-induced charge separation inside
the photocatalyst is an essential factor for a high catalytic efficiency. The
usual immobilization of metal or metal oxide particles on semiconductor
photocatalysts offers an uncontrolled assembly of active sites during the
reaction. The introduction of single metal atoms on photocatalysts can lead
to extremely high atomic utilization and precise active sites. However, this
approach is limited because of the lack of suitable photosensitizers for single
atom immobilization. Here, we have designed photocatalytic carbon
quantum dots with anchoring sites for single cobalt atoms in a defined
Co—N, structure via facile pyrolysis of vitamin B12. Carbon dots functioned
as both light-harvesting antenna and support for the cobalt atom with high
atom loadings up to 3.27 wt %. This new photocatalytic material
demonstrated enhanced visible light absorption, efficient charge separation,
and reduced electrochemical impedance, while single Co atoms acted as the
active site with strong oxidative ability. As a result, the photocatalysts showed excellent visible light-promoted photocatalytic
efficiency with oxygen evolution rates up to 168 ymol h™' g™' via water oxidation, imine formation with high conversion (~90%)
and selectivity (>99%), and complete photodegradation of organic dyes.

B INTRODUCTION trolled assembly of active sides during the reaction. More
precise and controlled modification methods of CQDs still
need to be investigated.

Single atom catalysts (SACs) have become a new active
frontier in heterogeneous catalysis as they produce the highest
possible per metal atom efficiency. Furthermore, they can be
utilized to produce desired products with excellent selectivity
and conversion.'® ** Unlike in classical metal catalysis,
reducing the metal to single atoms enhances the number of
available catalytic sites. Moreover, the intrinsic activity of the
coordinated atoms may be enhanced because of alteration of
the electronic and energy level structure. For example, single Pt

The efficiency of photocatalysts can be largely increased by
enhancing the efficient light-induced charge separation inside
the photocatalyst material. To achieve this, a vast number of
catalyst materials and their modification methods have been
explored.' > Recently, carbon quantum dots (CQDs) have
emerged as a promising photocatalyst candidate for solar-to-
energy conversion, due in part to their ease of preparation, low
cost, excellent stability, high quantum yield, nontoxicity, high
aqueous affinity, and visible light absorption.*”” Recently,
CQDs have been emgloyed for energy-relevant applications as

hydrogen evolution® or photocatalytic chemical transforma- : X
tions including epoxide ring opening;'’ reductive dehalogena- atoms anchored onto the surface of iron oxide (Pt;/FeO,)

tion;'" and the oxidation of amines,'~ benzyl alcohol'® and 1,4- form a positively charged Pt atom. This is due to ele.:ctrc?n
dihydro-2,6-dimethylpyridine-3,5-dicarboxylate,'* and so forth. transfer .from the Pt center to the F eQx .surface, resulting in
However, the study of CQDs for photocatalysis in visible light extraordzl?ary high efficiency for co f’?ﬂdatlon by the Pt,/FeO,
is still in its infancy, with further improvement in catalytic catalyst. Slngle Pd atoms immobilized on $'§§N4 c}frr}on-
efficiency required. Therefore, there is an urgent demanded for strated a reaction rate of 0.57 mmol min - g, 1IN A
the design and modification of CQD photocatalysts.

product

One of the most frequently used modification methods for Received: September 9, 2019
photocatalysts is the immobilization of metal or metal oxides Revised:  December 23, 2019
on their surface. Recent studies report CQDs in combination Published: December 26, 2019

with other semiconductor materials such as TiO,,"> WO,,'
and g-C;N,."” Nevertheless, those methods offer an uncon-
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continuous Suzuki coupling reaction, much higher than
commercial Pd catalysts.22 Further to thermal reactions,
SACs have been utilized in electrocatalytic reactions including
hydr;)ngeil reduction, CO, reduction, and nitrogen reduc-
tion.™

The utilization of single atoms in visible light photocatalysis
is currently a major challenge. This difficulty arises from the
need for a host that can act as both a light-harvesting agent and
a support for the metal single atom. Currently, host materials
mainly focus on g-C;N,.>~*" Single Fe, Pt, and Co atoms have
been anchored onto g-C;N,, with improved photocatalytic
efficiency for gollutant degradation,” hydrogen evolution,*
water splitting,”” and CO, reduction®® observed. However, the
mass loading of single atoms on g-C;N, are generally low
(<1%) and may limit its photocatalytic applications.

Here, we report the design and synthesis of CDQs with
surface anchored single Co atoms in Co—N, structures with a
high atom loading of 3.27 wt % (Scheme 1). The aim of the

Scheme 1. Ilustration of the Single Cobalt Atom Anchored
in the Carbon Quantum Dot for Photocatalytic Oxidation
Reactions, Such as Oxygen Evolution and Oxidative
Coupling of Benzylamines®
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“The photogenerated hole plays an essential role for oxidation
reactions. The reduction and oxidation potentials are —0.79 and 1.37
V versus SCE, respectively.

use of the singly anchored Co atoms was to enhance the light-
induced charge separation and boost charge transport within
the materials, where the photogenerated hole species can be
concentrated on the single Co atoms as active catalytic sites.
CQDs served as both the light-harvesting antenna and support
for single Co atoms. To the best of our knowledge, this is the
first case for CQD being employed as the host material for
SACs. The obtained photocatalyst demonstrated enhanced
visible light absorption and charge separation efficiency. The
catalytic capacity was investigated via three oxidation reactions,
that is, water oxidation, oxidative coupling of aromatic amines,
and photodegradation of an organic dye. Catalytic efliciency
with an oxygen evolution rate, during water oxidation, of up to
168 pmol h™' ¢! was obtained. Imine synthesis over 15
reactions was demonstrated with conversions and selectivity up
to 99%. Rapid degradation of the organic dye rhodamine B
(RhB) (conc. 10 mg/L; <10 min) was also observed.
Furthermore, the CQD-based photocatalysts anchored with
single Co atoms showed high stability in all three oxidation
reactions.

B RESULTS AND DISCUSSION

The anchoring of single cobalt atoms on the carbon dot
catalyst (CoSAS@CD) was achieved via a facile hydrolysis of
cobalt-loaded carbon material in NaOH solution. The carbon
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precursor was obtained by pyrolysis of vitamin B12 (VB12) as
a convenient approach to synthesize single cobalt atom-
decorated carbon material similar to previous reports.””
Because of its intrinsic advantages, such as atomically dispersed
cobalt in the porphyrin framework, high N/C atomic ratios
(0.22), and low melting point and carbonization temperature,
VB12 has been frequently utilized as the carbonization
precursor in previous reports.”” > The thermal stability of
VB12 was investigated via thermogravimetric analysis (TGA)
analysis where VB12 demonstrated the first weight loss stage
(~5%) below 100 °C because of the removal of absorbed
water and then underwent a large weight loss stage (~50%)
between 230 and 450 °C which was attributed to thermal
decomposition and carbonization (Figure S1). According to
the TGA result, three different pyrolysis temperature (200,
250, and 300 °C) were tested in CQD preparation. When the
temperature was set to be 200 °C, VB12 could stabilize
without structure change. When the temperature increased to
300 °C, VB12 was over carbonized, and no CQD could be
achieved during the NaOH treatment. Thus, the optimized
pyrolysis temperature was 250 °C where we could get high-
quality CQD CoSAS@CD with an excellent reaction yield of
28%. To investigate the synergistic cooperation between the
single cobalt atom and carbon dot, a number of reference
materials were prepared including, acid-treated carbon dot
catalysts (CoSAS@CD-acid), a cobalt/carbon dot hybrid
material (Co@CD), and a carbon dot using meso-tetra-p-
tolylprophyrin as the precursor (TTP@CD). In addition,
because TTP started to undergo carbonization at ~280 °C, as
shown in Figure S1, a lower pyrolysis temperature (350 °C)
was also carried out for better comparison, which was named
as TTP@CD-350. The detailed synthetic procedures and
characterization data are described in the Supporting
Information.

The morphology of the carbon dots was investigated using
transmission electron microscopy (TEM) (Figures 1 and S2).
All the obtained carbon dots were spherical nanocomposites
with an average diameter of 9.0, 7.1, 7.6, and 5.3 nm for
CoSAS@CD, CoSAS@CD-acid, Co@CD, and TTP@CD,
respectively. The X-ray diffraction (XRD) pattern (Figure S3)
of CoSAS@CD, displayed no characteristic peak assignable to
cobalt crystal particles or its compounds. This indicates that
the cobalt species in CoSAS@CD are either highly dispersed as
single atoms or extremely amorphous. The broadened peak at
around 22° was attributed to the (002) phase of the carbon
material with a low graphitization degree. In addition, the two
peaks around 26 and 42° in CoSAS@CD-acid were assigned to
the (002) and (004) plane of graphite. Carbon dots with the
citric acid precursor demonstrated a graphite lattice with a d-
spacing of 0.35 nm, while with the TTP precursor showed a d-
spacing of 0.56 nm.

In order to determine the distribution of cobalt in CoSAS@
CD, sub-Angstrom-resolution aberration-corrected high-angle
annular dark-field scanning TEM (HAADF-STEM) measure-
ment was performed (Figure 1b). The bright dots observed,
with a diameter of less than 0.2 nm, may be attributed to
individual cobalt atoms. This would indicate that cobalt atoms
are dispersed on the carbon dot surface. In addition, the
presence of C, N, and Co is manifested via the energy
dispersive X-ray spectroscopy image which indicates that those
elements are uniformly distributed in CoSAS@CD (Figure
S4). The height profile of CoSAS@CD is investigated by AFM
analysis (Figure S5). A height of less than 2 nm determined for
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Figure 1. Morphologies, basic physical and optical properties of CoOSAS@CD. (a) TEM image and size distribution (insert) of CoSAS@CD. (b)
Representative HAADF-STEM image of CoSAS@CD. X-ray absorption near edge spectroscopy (XANES) profiles (c) and Fourier transform (FT
extended X-ray fine structure (EXAFS) spectra (d) at the Co K-edge of CoSAS@CD, CoSAS@CD-acid, Co foil, CoO, CoOOH, and Co porphyrin
(noted as Po). (e) Co 2p XPS spectrum of CoSAS@CD. (f) UV—vis spectra of CoSAS@CD, CoSAS@CD-acid, and VB12. (g) Steady-state
fluorescence spectra of CoSAS@CD under various excitation wavelengths. (h) Fluorescence decay spectra of CoSAS@CD, CoSAS@CD-acid,
Co@CD, and TTP@CD, excited at 400 nm. (i) VB and CB positions of CoSAS@CD, CoSAS@CD-acid, Co@CD TTP@CD, and other reactive

substrates (BA is short for benzylamine).

most dots suggests that our CoSAS@CD primarily consist of
1-2 layers, which is comparable to most reported graphene
quantum dots.”**> These results imply that the single cobalt
atoms are majorly anchored on the surface of the quantum dot,
which is facilely accessible to the substrates. We believe that
the presence of abundance of exposed single Co on the surface
of CoSAS@CD would make great contribution to the high
catalytic efficiency.

The chemical state and the coordination environment of Co
sites was determined by Co K-edge XANES and EXAFS.
CoSAS@CD and CoSAS@CD-acid showed an absorption
edge between CoO and CoOOH, indicating the presence of
both Co*" and Co*" (Figure 1c). As previously reported, cobalt
in pristine VB12 generally appears as Co>*.’>** The alteration
of the oxidation state indicates that VB12 is partially reduced
during the pyrolysis process at 250 °C. In the Fourier
transform (FT) k*-weighted extended EXAFS spectra (Figure
1d), there is only one main peak at around 1.9 A in both
CoSAS@CD and CoSAS@CD-acid, which is assigned to the
Co—N/C first coordination shell as presence in the CoPo
structure. The absence of a prominent Co—Co peak at around

2.5 A (and other high-shell peaks) in combination with the
HAADF-STEM image would suggest that the cobalt species
are atomically dispersed in CoSAS@CD.

The coordination number (CN) of cobalt in the samples can
be determined by XANES based on the characteristic peaks in
the pre-edge absorption region from 7700 to 7720 eV.
Typically, an absorption peak at around 7710 eV is observed
for CoO, a six-coordinated octahedral structure. An absorption
peak at around 7715 eV is observed for CoPo, with a four-
coordinated square-planar configuration typical for Co—N,
structures.”***” CoSAS@CD and CoSAS@CD both dis-
played a strong absorption peak at around 7716 eV. Therefore,
we concluded that the central Co in both is most probably in a
four-coordination structure.

Fitting EXAFS allows the precise bond distance and CN to
be determined, as shown in Figures S6— S7 and Table S1. The
fitted CN for CoSAS@CD in the first shell is 4.1 with a
distance of 1.91 A while for CoSAS@CD acid being slightly
higher (CN 4.3) with a shorter metal—ligand bond length
(1.90 A). Overall, those results indicate that the Co atom is
anchored in the CQD with a square-planar Co—N, structure.

736 https://dx.doi.org/10.1021/acs.chemmater.9b03708
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The nature of Co and N binding was investigated with X-ray
photoelectron spectroscopy (XPS). In the high-resolution N 1s
spectrum (Figure S8), three peaks were found with a binding
energy of 398.7, 400.0, 401.4 eV attributed to pyridinic,
pyrrolic, and graphitic N, respectively. Highly active Co—N,,
sites have previously been reported between single Co atoms
and pyridinic N.>’7*’ The high proportion of pyridinic N
(66.7% of the total N species) in CoSAS@CD is therefore
beneficial for the immobilization of Co atoms and enhance-
ment of catalytic capacity. The high-resolution Co 2p spectrum
(Figure le) displayed two peaks at the binding energy of 780.2
and 795.4 eV, corresponding to the 2p;,, and 2p,,
respectively. The interval of 152 eV between those two
peaks suggests the presence of Co*.""”* In addition, the Co
2ps,, peak and shake-up satellite peak around 784.8 eV further
suggests the presence of Co*".”” This suggests that the single
Co atoms coordinate with N Co>" and Co®" oxidation states,
which is in accordance with those of XANES results.

The nitrogen and cobalt content in CoSAS@CD was
determined by XPS to be 9.05 and 4.19 wt % (Table S2). Co
content was also determined via inductively coupled plasma
optical emission spectrometry analysis, which produced a
similar result (3.27 wt %). The high concentration of Co in
CoSAS@CD, close to that in VB12 (4.35 wt %), indicates the
efficiency of this low-temperature pyrolysis to retain Co atoms.
For comparison, the XPS analysis of CoSAS@CD-acid, Co@
CD, and TTP@CD was also conducted (Figures S9—S11 and
Table S2). Generally, CoSAS@CD-acid and TTP@CD carbon
dot displayed an increased O and pyrrolic N concentration,
resulting from the oxidative decomposition of carbon material
during the carbon dot preparation. In addition, the N/C ratio
in CoSAS@CD-acid (0.12) is close to that in CoSAS@CD
(0.14), indicating that the treatment with strong acid has slight
influence on the Co—N,, framework and the core of the CQD,
while endowing the surface with abundant carboxylic groups.
Co@CD showed a similar elemental composition to CoSAS@
CD.

Fourier transform infrared (FTIR) spectra (Figure S12)
showed four characteristic peaks in VB12, band A (2134
ecm™'), B (1670 cm™), C (1571 cm™), and D (1545 cm™),
which is corresponding to the vibrations of cyanide, acetamide,
propionamide, and corrin ring, respectively.””** The cyanide
peak is not present in spectra for CoOSAS@CD and CoSAS@
CD-acid, while others are diminished. This would indicate the
decomposition of VB12. The increased absorption around
1625 cm™" attributable to C=C stretching vibration suggests
the formation of the aromatic skeleton during the pyrolysis
process.

The optical properties of CQDs were investigated by UV—
vis and photoluminescence (PL) spectra. CoSAS@CD
displayed two absorption bands (around 348 and 525 nm)
assignable to 7—7* transitions with an onset absorption of 650
nm (Figure 1f). Other carbon dots were dark brown in
appearance, demonstrating broadened absorption, especially
for CoSAS@CD-acid and TTP@CD. The presence of the
carboxylic group on the surface of CoSAS@CD-acid,
accompanying with a smaller particle size, caused a huge
blue-shift in UV—Vis absorption when compared with that of
CoSAS@CD. The higher intensity observed for CoSAS@CD
compared to its counterparts is indicative of a higher quantity
of surface traps, which may result in charge-transfer absorption.
The luminescent property of CoSAS@CD was similar to
previously reported carbon dots. A gradual bathochromic shift
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from 415 to 500 nm was observed with accompanying
decreased fluorescence intensity when the excited wavelength
increased from 300 to 420 nm (Figure 1g). This wavelength-
dependent phenomenon is due to the presence of multiple
fluorophores (surface traps and edge states) and the influence
of the particle size distribution, a distinctive feature for
CQDs.* " CoSAS@CD-acid and TTP@CD displayed wave-
length-independent fluorescence with emission at around 435
and 510 nm, respectively (Figures S13—S15).

The fluorescence lifetime for all the carbon dots was
determined via time-resolved PL with values of 1.4, 2.2, 5.2,
and 1.8 ns for CoOSAS@CD, CoSAS@CD-acid, Co@CD, and
TTP@CD, respectively (Figure 1h). The shortest lifetime for
CoSAS@CD, combined with the dramatically decreased
fluorescence intensity (Figure S16), indicates that the
incorporation of a single Co atom could facilitate the
dissociation of photoexcitons and promote the separation of
electron—hole pairs. Improved photocarrier separation in
CoSAS@CD was further confirmed by photocurrent and
electrochemical impedance spectroscopy (EIS) analysis. As
shown in Figure S17, CoSAS@CD produces the highest
photocurrent response which was 2.6 times than TTP@CD,
reflecting the most efficient light-induced electronic con-
ductivity and electron—hole separation. In addition, the
smallest arc radius in EIS suggests the lowest resistance for
charge transfer in CoSAS@CD (Figure S18). Therefore, the
combination of single cobalt atoms on carbon dot surfaces
enhanced photocarrier generation and separation efficiency.

The optical band gap for all carbon dots was in the range of
2.16—2.44 eV, as derived from the Kubelka—Munk function
(Figure S19). In addition, the conduction band (CB) position
was determined from Mott—Schottky plots (Figure S20), and
as a result, the valence band (VB) could then be calculated.
CoSAS@CD had the narrowest band positions, but it is
sufficient for oxygen species activation and benzylamine
oxidation (1.28 V vs NHE).” 7% Besides the conductive
band at 1.37 V, the carbon dots were comparable to the
previously reported polymer and carbon nitrile photo-
catalysts.”” "> All carbon dots demonstrated a high valence
band, which suggests an excellent photocatalytic oxidative
capacity.

A Lorentzian shape signal with a g factor of 2.20 was
observed by electron spin resonance (ESR) and can be
attributed to Co?*,”® which is consistent with XANES and XP$S
analysis (Figure S21). Interestingly, while under the visible
light irradiation, increased signal intensity is clearly observed,
which may be on account of the light-induced transformation
from the ESR-silent Co®" species into Co®*.

The visible light-promoted photocatalytic activity of
CoSAS@CD was determined for three different oxidative
reactions. We first tested the photocatalytic oxygen evolution
reaction (OER).”*>” However, OER is not optimal because of
the requirement of large overpotentials and sluggish kinetics.
Here, using CoSAS@CD, a water oxidation activity of 90 gmol
g~ was achieved in the first hour, using AgNOj; as an electron-
trapping agent (Figure 2a). The amount of N, was also
detected with GC measurement as shown in Figure S22. An
obviously lower amount of N, was determined, suggesting that
O, was mainly from photocatalytic water splitting, while the
contribution of air can be ignorable. The reduction in the
oxygen evolution rate may be due to the formation of Ag
nanoparticles through Ag" reduction, which may block the
reaction sites. In order to prove the presence of Ag(0)
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Figure 2. Photocatalytic O, evolution. (a) Time course of produced
0O, evolution for CoSAS@CD, CoSAS@CD-acid, VB12, Co@CD,
and TTP@CD. (b) Time course of produced O, with CoSAS@CD
for three cycles.

nanoparticles on the surface of CoOSAS@CD, XPS analysis was
performed on the catalyst after the OER reaction. As shown in
Figure S23a, the collected catalyst consists of C, N, O, Co, and
Ag. In the high-resolution Ag 3d XPS spectra (Figure S23b),
the curve could be deconvoluted into two parts, which are
ascribed to Ag 3d;,, and Ag 3ds,, orbits, respectively. The
splitting of the Ag 3d peaks at about 6 eV indicates that the Ag
element is mainly the presence as Ag(0).”*” In addition, a
deeper investigation of MNN Auger spectra was also
conducted in order to further identify the chemical state of
Ag (Figure $23c). According to the previous reports,”°" the
MNN Auger spectra consist of two difference transitions, that
is, MyN4N,s and MNy N, As consequence, a modified
Auger parameter (') could be obtained which is the sum of
binding energy of Ag 3d;, and the kinetic energy of the
M,N,sN,s Auger peak. The value of @’ is mainly dependent on
the Auger shift, and there is an obvious difference between
Ag(0) (~726 eV) and Ag* (~723 eV). In our case, the binding
energy of Ag 3ds/, and the kinetic energy of the M,N, N,
Auger peak are 368.3 and 357.7 eV, respectively. Therefore, a’
of Ag is 726.0 eV, indicating that the chemical state of Ag on
the collected catalyst is mainly Ag(0). The combination of
high-resolution Ag 3d XPS and MNN Auger spectra offers a
clear information that the surface of the catalyst is coated with
Ag(0), which would prevent electron transfer from the
photocatalyst to the surrounding electron sacrificial agent
(AgNO;), thus decreasing the OER evolution rate. In
comparison, other carbon dots, such as CoSAS@CD-acid,
TTP@CD, and VBI12 demonstrated a significantly lower
efficiency of 25, 27, and 24.5 umol g, respectively. The
similar oxygen evolution rate between TTP@CD and
CoSAS@CD-acid was probably because the enhancement in
light absorption for TTP@CD was offset by its lower
electron—hole separation efficiency as illuminated by photo-
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current and impedance spectra because the photocatalytic
capacity was an integrated effect of light absorption, charge
separation, and redox potentials. In addition, the oxygen
evolution efficiency for VB12 was also comparable to that of
porphyrin derivatives in the previous report.”> After 4 h of
water oxidation, 245 umol g~' oxygen was produced by
CoSAS@CD, which is more than 4 times that of other
samples. This indicates that there is synergistic cooperation
between the single Co atom and CQD. While all the carbon
dots have a suitable valence band for oxygen evolution, the
single Co atom anchored on the carbon dot may act as the
active center for OER.**™%

An increase in oxygen evolution to 168 ymmol g~' over the
first hour occurred when the experiment was carried out in the
presence of sodium iodate and electron acceptor (Figure 2b).
After 4 h, a total of 378 ymmol g_l of oxygen was obtained,
comparable to current rep01'ts.54_57’63_65 No oxygen was
collected in dark, suggesting the light-driven nature of the
catalyst CoOSAS@CD. The single atom photocatalyst CoSAS@
CD demonstrated excellent catalytic stability, with only a slight
decrease in oxygen evolution activity over multiple cycles
(Figure 2b), with 942 umol g™" collected over three cycles.

Selective oxidation of benzylamine and its derivatives into
imines is of great interest because of their important
electrophilic intermediates in pharmaceuticals synthe-
sis.' 77" We, therefore, tested the capacity of CoSAS@CD
for the oxidation of benzylamine (Table 1). The CoSAS@CD
photocatalyst under light irradiation produced solely (E)-N-
benzyl-1-phenylmethanimine with a conversion of 83% (Table
1 entry 1). No product was detected in reactions undertaken in
the dark or without the catalyst, (entries 2 and 3). As expected,
a significantly lower conversion was obtained for CoSAS@CD-
acid, vb12, and TTP@CD (entry 4—6). Similar conversion
between TTP@CD and TTP@CD-350 indicated the negli-
gible influence of pyrolysis temperature on catalytic activity
(entry 6—7). In addition, in order to investigate the specific
role of photogenerated electron/hole pairs, different radical
scavengers were added into the reaction mixture (entry 8—11).
With the addition of CuCl, as an electron scavenger, a reduced
conversion of 23% was detected (entry 8). While KI is added
as an electron scavenger, the conversion decreased to 34%
(entry 9). This result indicated that photogenerated species
make an important contribution to the reaction. Previously,
singlet oxygen ('O,) and superoxide radical (O,°”) have been
shown to play an important role in benzylamine oxida-
tion.*’ " When NaNj; and benzoquinone were added as 'O,
and O,°7, respectively, a dramatically decreased reaction
conversion was determined (entry 10—11), implying an
essential role of both 'O, and O,°". Furthermore, the facilely
generated 'O, and O,°” species by CoSAS@CD under visible
light irradiation could be detected by electron paramagnetic
resonance (EPR) measurements with 2,2,6,6-tetramethylpiper-
idine and 5,5-dimethyl-1pyrroline-N-oxide as trapping agents
(Figure S24). Based on the obtained results, a similar reaction
as previously reported in the literature can be proposed.’”’”
First, benzylamine may be oxidized by the photogenerated hole
to form the corresponding cation radical. This radical can then
react with two oxygen species to produce an imine
intermediate eliminating H,0,. The imine intermediate can
then further react with a second benzylamine molecule to
produce the final product.

The versatility of CoSAS@CD was tested using various
benzylamine derivatives. Both high reaction conversions and
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Table 1. Photocatalytic Oxidative Coupling of Benzylamines with CoSAS@CD under Visible Light and Corresponding

Substrates Screening”

2
CH3CN, visible light

Entry Photocatalyst Substrate Product Time (h) Conversion Selectivity
(%) (%)
1 CoSAS@CD R=H R=H 12 83 99
20 - R=H R=H 12 - -
3¢ CoSAS@CD R=H R=H 12 - -
4 CoSAS@CD- R=H R=H 12 58 99
acid

5 VBI12 R=H R=H 12 20 99
6 TTP@CD R=H R=H 12 31 99
7 TTP@CD-350 R=H R=H 12 37 99
8d CoSAS@CD R=H R=H 12 23 99
9¢ CoSAS@CD R=H R=H 12 34 99
10f CoSAS@CD R=H R=H 12 12 99
112 CoSAS@CD R=H R=H 12 31 99
12 CoSAS@CD R =p-CH3 R =p-CHs 24 97 99
13 CoSAS@CD R = p-OCH; R = p-OCH; 24 93 99
14 CoSAS@CD R =0-OCHj3 R =0-OCH3 24 81 99
15 CoSAS@CD R =p-Br R=p-Br 24 91 99
16 CoSAS@CD R=p-F R=pF 24 9% 99
17 CoSAS@CD R =p-Cl R=p-Cl 24 93 99
18 CoSAS@CD R = p-CF3 R =p-CF3 24 95 99
19 CoSAS@CD n “ 24 45 99

Co Cw
20 CoSAS@CD n @Nj 24 99 99

cO -
21 CoSAS@CD @AHJ\ @A\NJ\ 24 68 79
22 CoSAS@CD W\NHz WN i 5/ 24 98 99
23 CoSAS@CD AN~ NH, - 24 - -
24! CoSAS@CD ©/\NH2 @A\N/\/\/\/ 24 97 80

+
HNeA~ A~

25m CoSAS@CD /©/\NHZ OA\N/\/\/\/ 24 95 81

F + F

HN A~~~

“Reaction conditions: substrate (1 mmol), photocatalyst (3 mg), CH;CN (3 mL), O, balloon, blue LED light. bWithout photocatalyst. “In
darkness. “CuCl, was added as an electron scavenger. “KI was added as a hole scavenger. /NaN; was added as a singlet oxygen scavenger.
#Benzoquinone was added as a superoxide radical scavenger. “The major side products were N-(phenylmethylene)benzenemethanamine (13%) and
N-isopropyl-N,N-dibenzylamine (8%).’3 equiv of heptylamine against benzylamine was added. The major side product was homo-coupling of
benzylamine. “3 equiv of heptylamine against (4-fluorophenyl)methanamine was added. The major side product was homo-coupling of (4-

fluorophenyl)methanamine.

excellent selectivity were achieved (entry 12—22). The catalyst
displayed high functional group tolerance when using
substituted benzylamines (entry 12—18). Interestingly, when
the methoxy-substituted benzylamine is on the para position,
higher conversion is observed compared to the ortho position,
which is probably due to steric effects (entry 13—14). The
reaction of secondary amines such as indoline and 1,2,3,4-
tetrahydroquinoline was investigated with varying success
(entry 19—20). However, when N-benzylpropan-2-amine was
used as the starting compound, limited selectivity (79%) was
achieved with two major side products formed, N-
(phenylmethylene)benzenemethanamine (13%) and N-iso-
propyl-N,N-dibenzylamine (8%) (entry 21). Heterocyclic
amines such as thiophen-2-ylmethanamine could also be
coupled using this procedure (entry 22). In addition, the
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cross-coupling between benzylamine derivatives and heptyl-
amine was investigated using our CoSAS@CD photocatalyst
with desired cross-coupling products, N-heptyl-1-phenyl-
methanimine and 1-(4-fluorophenyl)-N-heptylmethanimine,
being achieved with high reaction conversion and selectivity
(entry 24—25). The oxidation coupling of heptylamine offered
no conversion because of its high oxidation potential (entry
23). However, heptylamine could react with benzyliminium
which was generated because of benzylamine oxidation, which
would then give the final cross-coupling product N-heptyl-1-
phenylmethanimine. The substituted group, such as fluorine,
had negligible influence on the cross-coupling reaction (entry
25). Therefore, the formation of cross-coupling products could
not only support the proposed reaction mechanism but also
enrich the distribution of our products. Lastly, it is worth
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mentioning that our CoSAS@CD photocatalyst demonstrated
an excellent stability, as no decrease in both conversion and
selectivity was observed during the whole four repeating cycles
(Figure S25).

Given the high dispersibility of CQDs, we looked to test
their performance in oxidative degradation of RhB. As shown
in Figure 3a, RhB is completely degraded within 10 min using

(@)
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- VB12 -+ Co@CD
1.0 v v V—Y
o
(@]
=
O 0.54
0.0
0 2 4 6 8 10
Time (min)
1.0 Cycle-1 Cycle-2 Cycle-3
0.8+
0.6+
Qo
O 044
0.2
0.0

0 4 8 0 4 8 0 4 8
Time (min)
Figure 3. Photocatalytic efficiency of RhB degradation. (a) Photo-
catalytic degradation of RhB of CoASA@CD, CoASA@CD-acid,
TTP@CD, Co@CD, and VBI12. (b) Repeating experiment of
photocatalytic RhB degradation with CoASA@CD.

CoSAS@CD as the photocatalyst. After 10 min of irradiation,
significantly lower levels of degradation were observed for
CoSAS@CD-acid (45.6%), TTP@CD (31.5%), VB12
(19.6%), and Co@CD (51.8%). Again, TTP@CD-350
displayed the same catalytic activity in RhB degradation
compared to that of TTP@CD (Figure S26). To determine
which reactive species (0, *0,7; hydroxyl radical, *OH;
photogenerated electrons, e”, and holes, h*) are involved in
dye degradation, a series of control scavenger experiments was
carried out (Figure S27). The introduction of scavengers
decreased the dye degradation rate. This indicates that all the
reactive species participated in the decomposition of RhB.
Moreover, when the experiment was conducted under an
argon atmosphere, only 12.4% RhB was decomposed,
suggesting the essential role of oxygen. CoSAS@CD
demonstrated excellent catalytic stability over multiple
degradation cycles with no significant change to the
degradation kinetics over three cycles (Figure 3b).

B CONCLUSIONS

In summary, we have presented photocatalysts consisting of
single cobalt atoms anchored onto CQDs. This new material
shows outstanding optical properties, including strong visible
light absorption, enhanced photocurrent response, and efficient
charge separation. The incorporation of single cobalt atoms on
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CQDs promoted the formation and transfer of photo-induced
electron—hole pairs. The synergistic cooperation between the
single cobalt atom and carbon dot endows the photocatalyst
with an excellent catalytic efficiency for visible light-promoted
oxidation reactions. We envision that this approach of
anchoring single metal atoms onto carbon dots will be
applicable for other metals. This could provide a new platform
for atomically anchored metal photocatalysts.

B EXPERIMENTAL SECTION

Chemicals. VB12 was purchased from Beijing J&K Co., Ltd,,
China. Citric acid, ethylenediamine, p-tolualdehyde, pyrole, benzyl-
amine, and RhB were obtained from Aladdin Co., China. Other
organic solvents were purchased from Sinopharm Chemical Reagent
Company. All chemicals were used without further purification.

Synthesis of Cobalt and Carbon Quantum Dot Hybrid
Photocatalysts. Preparation of CoSAS@CD and CoSAS@CD-acid.
To prepare VB12-based carbon material, 1 g of VB12 was placed in
the center of the quartz boat and pyrolyzed in a tube furnace at 250
°C for 2 h at a heating rate of S °C min~' under a N, atmosphere. The
obtained carbon material was then hydrolyzed with 0.1 M NaOH
solution at 80 °C for 24 h. Finally, CoSAS@CD was obtained after
filtration, dialysis for 3 days, and freeze-drying. For CoSAS@CD-acid,
the same procedure was performed, while the carbon material was
etched with a mixture of concentrated H,SO, and HNO; (v/v 3:1).

Preparation of Co@CD. Co@CDs was prepared using a typical
hydrothermal method. Citric acid (1.051 g), ethylenediamine (33$
uL), and Co(NO;),-6H,0 (0.260 g) were dissolved in 10 mL of
deionized water. Then, the formed solution was transferred into
Teflon-lined autoclaves and treated at 300 °C for S h. Co@CDs was
obtained after dialysis and freeze-drying treatment.

Preparation of TTP@CD. TTP was synthesized with a method as
the previous report.”® Typically, a 500 mL flask was charged with p-
tolualdehyde (S g, 82 mmol) and pyrrole (5.5 g, 82 mmol) and 300
mL of propionic acid and heated until reflux overnight. After cooling
down to room temperature, the solution was concentrated with a
rotary evaporator. TTP was then obtained after extraction with
methanol and hexane in a Soxhlet for 24 h. Then, the synthesized
TTP was calcined at 800 °C for 2 h under a N, atmosphere to get
TTP-based carbon material. Finally, TTP@CD was obtained after the
treatment with a mixture of concentrated H,SO, and HNO; (v/v 3:1)
at 80 °C for 24 h, followed by dialysis and freeze-drying.

'"H NMR (400 MHz, CDCL): § —2.71 (s, 2H, centro-pyrrolic
HSn), 2.75 (s, 12H, meso-ArCH;), 7.61 (d, ] = 7.6 Hz, 8H, meso-
ArH), 8.13 (d, J = 8.0 Hz, 8H, meso-ArH), 8.90 (s, 8H, f-pyrrolic H).

General Procedures for Photocatalytic Oxidative Reactions.
Photocatalytic oxygen evolution: typically, 50 mg of photocatalyst was
dispersed in 100 mL of deionized water under sonication. Then, 0.614
mmol La,0; (200 mg) and 1 mmol sodium iodate (or silver nitrate)
were added as the pH buffer agent and electron acceptor, respectively.
After 3 times of evacuation, the reaction mixture was placed under the
irradiation of 300 W Xe lamp with a filter to cut off UV part. The
reaction solution was stabilized at room temperature by a flow of
cooling water during the whole process. The generated gases were
monitored in situ by the gas chromatograph with argon as the carrier
gas.

Photocatalytic Benzylamine Oxidation. A flame-dried 10 mL vial
with a magnetic stir bar was charged with benzylamine (0.5 mmol),
CoSAS@CD (3 mg), and acetonitrile (3 mL). The solution was first
bubbled with O, for 30 min and then placed under the irradiation of a
blue light-emitting diode (LED) light (460 nm, 100 W) with O,
balloon. The conversion for the reaction was determined by GC—MS
measurement. Other benzylamine derivatives with the same
concentration were conducted using a similar approach and the
corresponding conversion was analyzed by GC—MS.

Photocatalytic RhB Degradation. In a general procedure, an
aqueous solution of RhB (10 mg L™") and the photocatalyst (1 mg
mL™") was stirred under dark with O, bubbling for 30 min to reach
adsorption—desorption equilibrium. After that, the mixture was
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illuminated with a blue LED light (420 nm, 100 W). The degradation
RhB was recorded by UV-—vis spectroscopy. In the repeating
experiment, the same concentration of RhB was added after each
reaction cycle without separating the photocatalyst. Moreover, in the
control experiment, ammonium oxalate (0.1 mmol mL™'), p-
benzoquinone (0.1 mmol mL™"), sodium azide (0.1 mmol mL™"),
and isopropanol (0.1 mmol mL™") were added as radical scavengers.

Characterizations. FTIR spectra were conducted on Thermo
Fisher Scientific Nicolet iS10. UV—vis spectra Fluorescence spectra
were carried out on Shimadzu UV-2600 and Hitachi F-7000,
respectively. XRD was investigated on Rigaku MiniFlex 600 with a
Cu Ka X-ray beam. Atomic force microscopy(AFM) images were
recorded using Bruker Bioscope system Multimode 8. Transmission
electron microscopy (TEM) images were acquired by FEI Tecnai G2
F20 S-TWIN with an accelerating voltage of 200 kV. HAADF-STEM
images were taken on JEOL JEM-2010 with a spherical aberration
corrector working at 200 keV. XPS measurement was performed on
Thermo Scientific ESCALAB 250Xi. EPR was carried out on JEOL
JES-FA200. Gas chromatography—mass spectrometer (GC—MS)
measurements were performed on a Thermo Finnigan TRACE200
GC-POLARIS Q Mass detector. Cyclic voltammetry (CV), photo-
current, EIS and Mott—Schottky were conducted on the IVIUM
electrochemical workstation with a three-electrode-cell system: a
glassy carbon electrode drop-casted with carbon materials as the
working electrode, saturated calomel electrode (SCE) as the reference
electrode, platinum electrode as the counter electrode, and Bu,NPF
(0.1 M in acetonitrile) as the supporting electrolyte. For CV
measurement, Na,SO, (0.5 M in aqueous solution) was used as the
electrolyte solution. In the photocurrent analysis, the three-electrode
cell was placed under the irradiation of blue LED light (460 nm, 100
W). Time-resolved PL spectra were monitored with a Olympus IX73
camera system. Excitation pulses at 400 nm were provided by
frequency doubling the output of a commercial picosecond amplifier
laser system.

X-ray Absorption Fine Structure Measurement and Data
Analysis. The X-ray absorption fine structure (XAFS) spectra of Co
K-edge were measured on BL14WI1 beamline of Shanghai
Synchrotron Radiation Facility (SSRF) operated at 3.5 GeV with a
constant current of 260 mA. The XAFS data were collected at
ambient temperature in the fluorescence excitation model using a 7-
element Ge solid-state detector. Athena and Artemis module
implemented in the IFEFFIT software were employed to extract the
data and fit the profiles. The energy was calibrated by the absorption
edge of pure Co metal foil. For the X-ray absorption near edge
structure (XANES) part, the experimental absorption coefficients as a
function of energies (E) were obtained via background subtraction
and normalization procedures and then displayed as “normalized
absorption” in order to compare with those of standard samples, that
is, Co foil (Co%), CoO (Co*), and CoOOH (Co’"). For the
extended XAFS (EXAFS) part, the Fourier transform (FT) data in R
space were calculated by employing the first shell approximation
models for Co—N. The passive electron factors, Sy, were derived
from fitting the experimental Co foil data and fixing the Co—Co CN
to be 12 first, and then fixed for further analysis of the measured
materials. Four parameters describing the electronic properties (e.g.,
correction to the photoelectron energy origin, Ey) and local structure
environment including CN, bond distance (R), and Debye—Waller
factor around the absorbing atoms were adjusted during the fitting
process. The fitted ranges for k spaces were chosen to be 1—13 A~
associated with an R space of 0.5—6.6 A (k* weighted).
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