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The conversion of carbon dioxide (CO,) into Epoxides e
organic carbonates under ambient temperatures and pressures with 2\ .  :
high conversion and selectivity still faces a great challenge. The YN RL S
. . e SR e . 4
zerovalent atomic catalysts (ACs), featurlng accurate structure and X e e i°
valence states, provide a new and accurate model system for o =
catalysis. Herein we developed a general preadsorption-reduction o i R ®
strategy to synthesize zerovalent cobalt AC on graphdiyne (Co°/ co / 4 S
A J S

GDY). The Co’/GDY ACs were used for efficient and selective
CO, fixation. We were surprised to find that Co’/GDY ACs 100% conversion )
reached nearly 100% conversion at 80 °C and 1 atm in CO, Turnover frequency: 3024.8 h
fixation and with a significantly high turnover frequency (TOF) of

3024.8 h™', which is almost several orders larger than that of benchmarked catalysts. Such high conversion and selectivity represent
the advantages of emerging catalysts.

Graphdiyne, two-dimensional carbon material, atomic catalysis, CO, fixation

Atomic catalysts (ACs), monodisperse metal atoms as active
sites during the catalysis process, are considered to have 100%
metal atom utilization and unique advantages to achieve high
catalytic selectivity, activity, and stability in numerous
reactions.”* > With the rapid development of ACs, some
important scientific issues have attracted people’s attention: (i)
the precise selection of support materials; (ii) the character-
ization and exact structure of metal atoms anchored on
support; (iii) the controllable changes of valence and
configuration of metal atoms and the stability of atomic
anchoring. These key issues are seen as important challenges in
this field. Clear understanding of these key issues plays an
important role in advancing traditional single-atom catalysts
(TSACs) in structure, mechanism and determination of
catalytic active sites. After solving these issues, it is possible
to promote the great development of catalytic industry and
create value for society at a high speed.

Graphdiyne (GDY), a new two-dimensional carbon
allotrope with hexagonal benzene (sp>-C) rings linked by

separate from the reaction mixture, the reported catalysts diacetylenic (sp-C) bonds, has been proven tobea complet.ely
. novel model platform to the catalysis and energy conversion
such as metal—organic frameworks usually showed harsh

29-42 . . P
synthesis conditions and low yield and catalytic activity.'®™** system. The rich acetylenic bonds (~C=C-) endow

The current situation is that neither homogeneous nor

heterogeneous catalysts have absolute advantages in catalytic April 19, 2021
reactions. Therefore, in view of the current important position August 7, 2021
of catalysts in industry, the development and exploration of

new types of catalysts can effectively activate reactions under

ambient conditions with high selectivity, activity, and

durability.”

Infinite carbon dioxide (CO,) emission and nondegradable
plastic pollution seriously hinder the sustainable development
of energy and environment.'~” Reducing carbon emissions has
become the common responsibility of the international
community, so it is of great scientific significance to explore
the efficient transformation of carbon dioxide. A potentially
successful route is the efficient cycloaddition of CO,, and
epoxide into cyclic carbonate (the monomer for degradable
aliphatic polycarbonate) provides an attractive route to address
these challenges.” Over the past many years, countries around
the world have devoted considerable financial, material, and
human resources to the development of efficient catalysts, and
the related results, particularly in industrialization, remain
unsatisfactory.g_14 For instance, as a pioneering work,
homogeneous catalysts (e.g, Schiff or ionic liquids-based
catalysts and metal complexes)'>”"” demonstrate high
selectivity but face difficulties in product separation and
recycling. Although heterogeneous catalysts are easy to
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Figure 1. Schematic representation of (a) synthesis of Co’/GDY and (b) corresponding selective conversion of CO, into cyclic carbonates.
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Figure 2. Low- and high-magnification SEM images of (a—c) pure GDY and (d—f) Co®/GDY electrodes. (g) TEM and (h, i) HRTEM images of
Co°/GDY nanosheets. (j) Corresponding element mapping images of C and Co. (k) C 1s XPS spectra and (1) Raman spectra of Co’/GDY and
GDY.

GDY with many unique properties including the highly uneven hybridized —C=C— in GDY allows for the arbitrary angle

distributed surface charge, natural pores, large surface area, rotation of m/x* perpendicular to the axis, therefore possibly
unique abundant conjugated electronic structures, higher pointing toward surrounding metal atoms, which make the
conductivity, and high stability.”~*" Especially, the sp- easy chelation of metal atoms.””*”*® GDY has also been
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Figure 3. HAADF-STEM images of as-prepared Co’/GDY: (a—d) four different regions; (e—h) corresponding enlargement of the marked regions
in (a)—(d). Metal atoms are indicated by red circles. (i) STEM and (j) overlapping images and corresponding elemental mapping of (k) C and (1)
Co in Co’/GDY. (m) Size distribution of metal atoms counted from HAADF-STEM images. (n) EXAFS spectra of Co’/GDY and Co foil. (o)
Normalized Co Kedge XANES spectra of Co’/GDY and Co foil (inset: first derivative curves). (p) Wavelet transforms for the k*-weighted EXAFS

signals of Co’/GDY with optimum resolutions at 2.0 A.

demonstrated to be the first carbon material that can anchor
metal atoms without any additional treatments, which provides
an excellent opportunity to fabricate stable ACs through a fast,
efficient, and scalable way. Moreover, the definite chemical
structure of GDY allows for the identification of the accurate
structure of active sites, exploration of reaction process, and
complete understanding of the mechanisms of the catalytic
process. Owing to these advantages, accurate anchoring and
high dispersion of the zerovalent metal atoms have been
achieved by Li and co-workers,””*® resolving the bottleneck of
the easy migration, aggregation, and charge transfer instabilities
of TSACs on supports. Their results also revealed that the
excellent catalytic activities of ACs originate from the
incomplete charge transfer between the metal atoms and
GDY. The unique structure and properties together with the
excellent catalytic performances of ACs make them great
potential candidates for next-generation catalysts. Moreover,
the electrochemical deposition method, a process where the
metallic ion can be easily reduced and anchored on the
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cathode surface, has been demonstrated to be a universal route
for fabricating various atomic catalysts.””*’

Here, we systematically investigated the preparation,
characterization, structure and properties of GDY-based
zerovalent cobalt metal ACs (Co°/GDY). The catalyst
demonstrated excellent comprehensive performance for
efficient CO, fixation under mild conditions. High-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) imaging and X-ray absorption near-edge
structure (XANES) results clearly showed all metal atoms are
independently anchored on the surface of GDY. The unique
interactions and charge transfer behavior between Co atoms
and GDY greatly increase the amounts of active sites,
endowing the ACs with superior catalytic performance,
showing high conversion (near 100%) and selectivity
(>99%) within 10 h of reaction. Very interestingly, Co’/
GDY exhibits the highest conversion of 100% with selectivity >
99% at low temperatures (80 °C) and the largest TOF value of
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Figure 4. (a) Schematic representation of the CO,—SO cycloaddition reaction. (b) Time course of the '"H NMR results of the catalytic product by
Co’/GDY (bottom). (c) Catalytic performance of the Co salt, carbon cloth (CC), pure GDY powder, and GDY/CC for the CO,—SO
cycloaddition reaction at 80 °C. (d) Temperature course of the conversion and selectivity catalyzed by Co®/GDY. (e) Six independent experiments

for fresh-prepared Co’/GDY.

3024.8 h™!, which is almost several orders larger than
benchmarked catalysts.

The facile preadsorption-reduction strategy was employed for
the fabrication of Co’/GDY (Figure 1), including the in situ
growth of GDY, adsorption of metal ions, and in situ anchoring
of metal atoms. It was observed from the scanning electron
microscopy (SEM) images that a film of vertically aligned
GDY nanosheets was directly grown on the smooth surface of
the carbon cloth (Figures 2a—c and S1), forming a three-
dimensional (3D) network with porous structure. Subse-
quently, the obtained 3D GDY electrode was immersed in a
0.5 M sulfuric acid solution containing S mM Co ions. The
Co’/GDY catalysts were obtained after an easy reduction
treatment. This mild process is nondestructive, and the as-
prepared Co’/GDY retains the same morphology to that of
pristine GDY (Figure 2d—f). Further, high-resolution trans-
mission electron microscopy (TEM) analysis revealed that no
nanodots or clusters can be observed on the Co%/GDY
nanosheets (Figure 2g—i), indicating the atomic dispersion of
the anchored metal species on GDY. Elemental analysis of
Co’/GDY revealed the uniform dispersion of the Co atoms on
GDY nanosheets (Figure 2j). As shown in Figure 2k, the C 1s
XPS spectrum of Co’/GDY shows five peaks at 284.2 eV for
spZ-C, 284.8 eV for sp-C, 286.5 eV for C—0, 288.0 eV for C=
O, and 290.0 eV for the 7—7z* transition. Compared with the
case of pristine GDY, the newly appeared 7—z* transition
peaks should be due to the synergetic interactions between
metal species and GDY. XPS analysis also proved that there
was no aggregated state of metal present (Figure S2). The 1:2
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ratio of sp® to sp carbon atoms from the C 1s X-ray
photoelectron spectroscopy (XPS) spectrum (Figures 2k and
S2) and the peak at around 2178 cm™' corresponding to the
C=C vibration in Raman spectra (Figure 2l) confirm the
integrity of GDY after the anchoring of metal atoms. In
addition, the Raman spectra showed no peaks at a low
wavenumber (Figure S3a, 45—500 cm™'), revealing that there
are no metal-related peaks in the Co’/GDY sample. Compared
with original GDY, Co%/GDY shows a slight shift in the
diffraction peaks of diyne groups, indicating the interactions
between Co atoms and acetylenic bonds. Co%/GDY has a
larger D/G ratio than that of pristine GDY (Figure 2l and
S3b), revealing the formation of more defects that benefit to
the generation of more active sites, therefore enhancing the
catalytic efficiency. The metal loading was determined using
inductively coupled plasma mass spectrometry (ICP-MS,
Table S1).

HAADE-STEM was employed to characterize the morphol-
ogy of the catalyst. In HAADF-STEM images (Figure 3a—h)
each stands for a metal atom. Figure 3a—h clearly shows the
isolated individual Co atoms were uniformly anchored on the
surface of GDY. The average sizes of the Co atoms were
measured to be 1.40 + 0.06 nm (Figure 3i), with a narrow size
distribution. Elemental mapping results further confirmed the
uniform distribution of the Co atom on GDY (Figures 3j—m).
From the X-ray adsorption fine structure (EXAFS) results,
only one notable peak at 1.60 A corresponding to Co—C,
which is shorter than the Co—Co peak (2.17 A), could be
observed, indicating there are no corresponding Co—Co
interactions and the isolated Co atoms anchored on GDY
(Figure 3n). The XANES spectra of Co’/GDY and Co foils
(Figure 30) indicate the zero-valence states of the Co atoms in
as-prepared ACs, which is further determined by comparison
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Figure 5. (a) Time course of catalytic conversion at different temperatures. (b) TOF value and product yields of Co’/GDY at different
temperatures. Comparison of (c) the TOF value and (d) the SO conversion of Co’/GDY with reported catalysts. (e) Stability test of the catalyst.
(f) Different substituent carbonates from corresponding epoxides catalyzed by Co’/GDY under the same conditions.

of the first derivative spectra of Co’/GDY with Co foils
(Figure 3p). The wavelet transform (WT) analysis was
performed to further confirm the dispersion state of Co
species in Co’/GDY (Figure 3q). It can offer more powerful
resolution in both R and k spaces, and the intensity maximum
ascribed to the coordination of Co is not observed at
approximately 6.8 A™'. The highly dispersed Co atoms offer
highly dispersed active sites for catalysis. Moreover, according
to our previous studies, the zerovalent ACs possessed unique
incomplete charge transfer behavior, beneficial for enhancing
the catalytic activity. Benefiting from the above-mentioned
fascinating properties, the as-prepared Co’/GDY are supposed
to have excellent catalytic performances.

Catalytic Performance Measurements

CO,—epoxide cycloaddition reaction was selected as the
probing reaction for evaluating the catalytic performance of
Co’/GDY under mild conditions in a solvent-free environment

11

(Figure 4a). "H NMR spectroscopy was used to monitor the
extent of the cycloaddition reaction (Figures 4b and S5—S16).
It was observed from Figure 4b that no carbonate could be
detected before the reaction was started. With the progression
of the reaction, the characteristic peaks corresponding to the
carbonates (orange star) appeared and gradually increased.
Simultaneously, the peaks corresponding to styrene oxide (SO,
red star) became smaller and smaller until they disappeared.
Figure 4c showed that the corresponding Co salt, carbon cloth
(CC), pure GDY powder, and GDY/CC had much lower
catalytic performances below half of that obtained with the
Co’/GDY catalyst for the CO,—SO cycloaddition reaction at
80 °C. These results revealed the excellent catalytic perform-
ance of GDY-based zerovalent Co atomic catalysts for the
C0O,—SO0 cycloaddition reaction. Moreover, the cycloaddition
reaction of SO with CO, for Co®/GDY exhibited a small SO
conversion of 1% without the presence of tetrabutylammonium

https://doi.org/10.1021/acsmaterialsau.1c00012
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Figure 6. (a) DFT-calculated free energy profiles with the involved key intermediates after geometry optimizations for the cycloaddition of styrene
oxide (SO) and CO, catalyzed by Co’/GDY. Color labeling: blue, Co; gray, C in GDY; green, C in intermediates and CO,; purple, Br; red, O; and
pink, H. (b) Projected density of state (PDOS) of Co-3d in Co’/GDY (black line) and SO adsorbed Co°/GDY (red line), respectively. (c)
Differential charge density map of SO adsorbed Co’/GDY. Yellow area represents the charge accumulation and blue area represents the charge

deletion, respectively. Isosurface is set to 0.001 e/bohr’.

bromide (TBAB, Figure S4). The variable temperature
experiments were carried out in the range from 20 to 80 °C
under a fixed reaction time of 10 h. GDY displays a smaller SO
conversion of 19.2% than Co”/GDY ACs at room temperature
(Figures SS). With the increase of the temperatures, the SO
conversion for Co’/GDY increased significantly from 27.62%
at 20 °C to nearly 100% at 80 °C (Figure 4d). The reaction
selectivity kept above 99% for all reaction processes. All
independent experiments (Figures 4e and SS—S17) showed a
similar high SO conversion and no byproducts formed during
the cycloaddition reactions, solidly demonstrating the high
reaction performance and reproducibility of Co’/GDY. As
shown in Figures S18—S22 and Table S1, the catalytic
performances of Co’/GDY varied with the change of the
amount of Co atoms. It was observed that all samples show the
high reaction selectivity near 100% and no byproducts could
be detected by NMR analysis (Figures S18—S22). The sample
with the smallest mass loading showed the lowest reaction
conversion of 29.33 + 3.4%. With the increase of the
concentration of Co, the conversion initially increased and
reached a maximum value of 98.02 + 2.5% and then decreased
with a further increase of the Co contents in the samples
(Figure S18—S22, Table S1).

As shown in Figure Sa, at the same reaction time, the
reaction rate increases with increasing temperature; the SO
conversion for Co’/GDY at different reaction temperatures
kept increasing with the increase of the reaction times. The
turnover frequency (TOF) was further calculated to quantify
the specific activity of the catalysts. As expected, Co’/GDY
presents the highest TOF values of 3024.8 h™' (Figures Sb),
which is significantly larger than those of previously reported
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benchmarked catalysts (Figure Sc and Table S3), and shows
the highest yield (Figure Sd). Compared with the conventional
metal-based catalysts, Co”/GDY showed a great advantage in
the cycloaddition of styrene oxide and CO, (Tables S2 and
S3). More importantly, Co’/GDY can immediately be
recovered from the reaction mixture through a simply washing
by ethyl acetate for the next catalytic cycle. Remarkably, the
catalytic performance of Co’/GDY could be maintained for 15
runs (Figure Se), indicating the high stability of the as-
prepared ACs. Very interestingly, Co’/GDY also showed
excellent reaction performance regarding different reactants
with the high SO conversion (Figure 5f), for example,
epichlorohydrin (99.99%), 1,2-epoxyhexane (98.04%), cyclo-
hexene oxide (96.15%), glycidyl isopropyl ether (99.99%), and
glycidyl phenyl ether (98.0%).

To better understand the reaction mechanisms for catalyzing
the cycloaddition of styrene oxide (SO) and CO,, density-
functional theory (DFT) calculations were performed by using
Co’/GDY as the model catalyst (Figure $23a).°”°" As shown
in Figure 6a, the adsorption of SO on Co’/GDY (intermediate
IT) is thermodynamically favorable with a much larger decrease
in Gibbs free energy relative to the initial state I, which mainly
arises from the strong bonding effect and charge transfer
between the oxygen atom on SO and the Co atom on the
catalyst. This is confirmed by analyzing the partial density of
state (PDOS) and the differential charge density distribution
(Figures S23b and 6b). As shown in Figure 6b, the PDOS of
Co-3d in SO adsorbed Co?/GDY is obviously decreased and is
far away from Fermi level compared to that in Co%/GDY,
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indicating the electron loss in the Co-3d orbital. The
differential charge density map (Figures 6¢c and S24) also
clearly reveals the electron loss in the Co atom and the
electron gain in the O atom on SO. According to the Bader
charge analysis, the deleted electron is —0.63 e in the Co atom
and the gained electron is +0.88 e in the O atom, respectively.
The charge transfer from atomic level Co site to SO reactant
favors the subsequent activation process for the ring-opening
reaction of epoxide, which is significantly exothermic. These
results also indicated that the outstanding catalytic perform-
ances are mainly originated from the rapid charge transfer
behavior of Co’/GDY. After the ring-opening (intermediate
III), the insertion of the CO, molecule (intermediate IV 3 and
V) and the formation of styrene carbonate (SC, intermediate
VI) through the ring-closing reaction are uphill in Gibbs free
energy. However, the barriers for the two processes are very
low, which are only 0.03, 0.49, and 0.15 eV, respectively.
Finally, the desorption of the final product is energetically
exothermic without a barrier, which can facilitate the
accomplishment of the whole catalytic process.

In conclusion, GDY-based zerovalent Co’/GDY ACs were
found and developed via a facile preadsorption-reduction
strategy. The structure of the catalysts was accurately and
clearly characterized. Benefitting from the special chemical/
electronic structures, Co’/GDY show superior catalytic
activities and selectivity for the cycloaddition of CO, and
epoxide into cyclic carbonate (conversion: near 100%;
selectivity > 99%), such catalysts that chemists expect.
Moreover, it possesses the largest TOF value of 3024.8 hY
which is almost 30 times higher than those of benchmarked
catalysts. We believe that the catalysts we have discovered will
soon attract widespread attention and become the next
generation of catalysts that scientists expect.

3D GDY nanosheet array electrodes were prepared through a simple
solvothermal method. Typically, 30 mL of pyridine solution
containing 10 mg of HEB was added into a Teflon-lined stainless-
steel autoclave containing two piece of Cu foil and carbon cloth
(CC). After a 12 h reaction at 110 °C, the GDY nanosheet grown on
CC was collected and washed with HCl (3 M), hot DMF, acetone,
and deionized water. Finally, the cleaned GDY was dried for at least
12 h in the vacuum oven at room temperature.

The zerovalent Co’/GDY ACs were synthesized through a simple
chronopotentiometry method by using a standard three-electrode
system, in which the as-prepared catalysts, carbon rod, and saturated
calomel electrode were used as the working electrode, counter
electrode, and reference electrode, respectively. Typically, the
electrochemical reduction process was carried out at the constant
current density of 10 mA cm™ for different times, such as 50, 100,
200, 300, and 400 s. Samples with different concentrations of Co were
obtained by simply changing the electrochemical reduction time. The
optimal catalyst with the best catalytic performances was obtained at
the constant current density of 10 mA cm™ for 200 s. The resulting
Co’/GDY was carefully washed with 0.5 M H,SO,, DIy, and

acetone several times, dried in a vacuum oven at room temperature
for 1 h, and then used for catalytic reaction immediately.
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In a typical procedure, Co’/GDY, tetrabutylammonium bromide
(TBAB, 319 mg, 0.99 mmol), and styrene oxide (19.8 mmol) were
added to a reactor under CO, atmosphere and at ambient pressure for
different reaction times and different temperatures. The resulted
mixture was analyzed by "H NMR in order to obtain the information
on the yield and purity of final products.

The morphology of the sample was characterized by SEM (ZEISS
SUPRA 55, Germany), TEM (JEM-2100F), and HR-TEM. Energy-
dispersive X-ray spectroscopy (EDX) was conducted with an energy-
dispersive X-ray detector in the ZEISS SUPRA S5 SEM system.
HAADF-STEM images were obtained by using an aberration-
corrected cubed FET Titan Cubed Themis G2 300 or JEM-
ARM200F system (JEOL, Tokyo, Japan). The metal content was
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent ICPOES730). Raman spectra were
measured through the LabRAM HR800 spectrometer (473 nm
excitation laser source). XPS measurements were carried through a
Thermo Scientific ESCALab 250Xi instrument with monochromatic
Al Ka X-ray radiation. Nuclear magnetic resonance spectroscopy ("H
NMR, AVANCE III HD 400) was used to determine the yield and
purity of the final products.

The acquired EXAFS data was processed according to the standard
procedures using the ATHENA module implemented in the IFEFFIT
software package. The k*-weighted EXAFS spectra were obtained by
subtracting the postedge background from the overall absorption and
then normalizing with respect to the edge-jump step. Subsequently,
k*-weighted y(k) data of the Co K-edge were Fourier transformed to
real (R) space using a hanning window (dk = 1.0 A™") to separate the
EXAFS contributions from different coordination shells. To obtain
the quantitative structural parameters around central atoms, least-
squares curve parameter fitting was performed using the ARTEMIS
module of the IFEFFIT software package.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00012.

SEM, element mapping images of 3D GDY nanosheet,
XPS spectra and Raman spectra of the samples, 'H
NMR spectra of the reaction products obtained at
different reaction conditions, differential charge density
maps and PDOS for the catalysts, the conversion and
selectivity data for Co°’/GDY, comparison of the
catalytic performances of Co’/GDY with reported
catalysts (PDF)
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