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Abstract: The development of efficient and low energy-
consumption catalysts for CO2 conversion is desired, yet
remains a great challenge. Herein, a class of novel hollow
porous carbons (HPC), featuring well dispersed dopants of
nitrogen and single Zn atoms, have been fabricated, based on
the templated growth of a hollow metal–organic framework
precursor, followed by pyrolysis. The optimized HPC-800
achieves efficient catalytic CO2 cycloaddition with epoxides,
under light irradiation, at ambient temperature, by taking
advantage of an ultrahigh loading of (11.3 wt %) single-atom
Zn and uniform N active sites, high-efficiency photothermal
conversion as well as the hierarchical pores in the carbon shell.
As far as we know, this is the first report on the integration of
the photothermal effect of carbon-based materials with single
metal atoms for catalytic CO2 fixation.

Ocean acidification and global warming, caused by green-
house gases (mainly CO2), have attracted extensive attention.
Different strategies and materials, such as amine-based wet
scrubbing and solid porous adsorbents, etc., for CO2 capture
and sequestration from industrial streams have been devel-
oped.[1] Meanwhile, as a plentiful C1 resource, CO2 can be
converted into various value-added products.[2,3] There is an
increasing interest in utilizing CO2 as a resource of crude
materials, rather than a trash with processing costs.

From the perspective of green and sustainable chemistry,
the synthesis of cyclic carbonates via coupling of epoxides and
CO2 is very promising, not only because of the high atom
economy, but also due to the valuable products widely used in
industry.[3] To date, while various types of homogeneous
catalysts, including Schiff bases, ionic liquids, metal com-

plexes, etc., were reported for this reaction,[3e–h] they suffer
from intrinsic difficulty in product separation and catalyst
recycling. Therefore, it is highly desired to seek heteroge-
neous catalysts with very active sites. The conventional solid
heterogeneous catalysts, such as zeolites, metal–organic
frameworks (MOFs), mesoporous oxides, porous polymers,
etc., usually require moderately high temperatures to drive
this reaction, due to the inert nature of CO2.

[3a, 4] In view of
energy and cost, the development of efficient heterogeneous
catalysts for the reaction at ambient temperature is extremely
desirable. To this end, it would be ideal to utilize solar energy,
instead of heating, to drive the endothermic reaction via the
photothermal effect of catalysts. As an important class of
photothermal agents, carbon-based materials have been
intensively studied.[5] Owing to their wide spectral absorption,
solar light can be effectively harvested and then released into
the surrounding environment via thermal radiation. More-
over, it is generally accepted that the hollow structure allows
the multiple reflection of light within the inner voids,[6] which
is beneficial to photothermal effect and thus improves the
activity for the endothermic CO2 cycloaddition with epoxides.
The main challenge for pure carbon materials lies in the lack
of active sites and the weak interaction with CO2 molecules,
making them relatively inert for CO2 cycloaddition reactions.
To address this issue, incorporating Lewis acid sites (such as
single-atom metal sites) and Lewis base sites (such as
pyridinic N) into porous carbons, thereby synergistically
activating the epoxides and CO2 molecules, might be a judi-
cious solution.

Bearing the above considerations in mind, we have
rationally fabricated the hollow porous carbon (HPC)
featuring uniform N doping and ultrahigh loading
(11.3 wt %) of single Zn atoms, via the pyrolysis of a hollow
structured, Zn-based N-rich MOF, termed ZIF-8
(Scheme 1).[7] The obtained HPC possesses the following
advantages: 1) the porous shell with high surface area can
enrich CO2 molecules and enhance the catalytic activity;
2) the porous shell facilitates the transport of substrates/
products; 3) the atomically dispersed Zn/N active sites are
readily available for epoxide and CO2 ; 4) the hollow structure
improves solar energy harnessing via multiple reflection of
light. As a result, the HPC exhibits excellent catalysis in the
CO2 cycloaddition with epoxides, under light irradiation at
ambient temperature. Notably, although MOF-derived
porous carbons have been widely studied for catalysis in
recent years,[8] this work is the first report on the integration
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of the photothermal effect of carbon-based materials with
single metal atoms for catalytic CO2 fixation.

The polystyrene (PS) nanospheres modified with carbox-
ylic acids on their external surface were synthesized according
to the previous report.[9] Subsequently, ZIF-8 nanoparticles
were assembled on the surface of the PS nanosphere to give
the PS@ZIF-8 core–shell composite (Scheme 1). Following
that, the PS core was removed by soaking the composite in
N,N-dimethyl formamide to give hollow ZIF-8 (denoted as H-
ZIF-8). Powder X-ray diffraction (XRD) patterns of
PS@ZIF-8 and H-ZIF-8 indicate that ZIF-8 is obtained and
its crystallinity is well retained upon PS removal (Supporting
Information, Figure S1). Scanning electron microscopy
(SEM) images show that the average size of the PS core is
approximately 210 nm, while that of PS@ZIF-8 is approx-
imately 260 nm, indicating that the average thickness of the
ZIF-8 shell is approximately 25 nm, which is further con-
firmed by transmission electron microscopy (TEM) image of
H-ZIF-8 (Supporting Information, Figure S2). The H-ZIF-8
spheres were pyrolyzed at different temperatures under N2

atmosphere to give HPC (denoted as HPC-T, T= 600, 700,
800, 900, and 1000 88C, Scheme 1).

The SEM image shows that the shell in all HPC-T samples
is assembled by the interconnected pyrolyzed ZIF-8 nano-
particles (Figure 1a and Supporting Information, Figure S3).

As a representative, both TEM and high-angle annular dark-
field scanning TEM (HAADF-STEM) observations indicate
that HPC-800 features the hollow structure, similar to the
original H-ZIF-8 (Figure 1b and 1c, and Supporting Infor-
mation, Figure S2d), however it has decreased to approxi-
mately 230 nm in size. Elemental mapping indicates that the
HPC-800 is mainly composed of C, N, and Zn. N and Zn are
evenly distributed throughout the carbon shell (Figure 1 d),
highlighting the niche of the MOF precursor.

The diffraction peak of Zn or ZnO species cannot be
observed in the powder XRD profiles of all of HPC-T
samples (Supporting Information, Figure S4a), implying the
possibly low content or/and small sizes of the Zn species in the
pyrolysis products. The broad peak at approximately 25
degrees can be assigned to the (002) diffraction of graphitic
carbon,[10] as further confirmed by the Raman scattering
spectrum (Supporting Information, Figure S4b). To our
surprise, while no Zn particles can be found in the high-
resolution TEM (HRTEM) image (Supporting Information,
Figure S4c), the Zn content is as high as 11.3 wt % in HPC-
800, as determined by inductively coupled plasma (ICP)
analysis. To determine the form of the Zn species, aberration-
corrected HAADF-STEM observation was conducted, which
unambiguously shows that all Zn are atomically dispersed on
the carbon matrix (Figures 2a). A close examination of
different regions reveals that no Zn nanoparticles can be
found in HPC-800 (Supporting Information, Figure S5). It
should be noted that a high content of metal active sites in
single-atom catalysts is a long-term goal and such a metal
loading (11.3 wt %) is among the highest in all reported
single-atom catalysts (Supporting Information, Table S1).[11]

To our knowledge, this is the highest content of single-atom
Zn in a catalyst reported thus far.[11a]

X-ray photoelectron spectroscopy (XPS) measurements
for HPC-800 suggest the presence of C, N, Zn, and O elements
(Supporting Information, Figure S6). The N 1s spectrum
exhibits three peaks with binding energies of 398.5, 399.7, and

Scheme 1. Schematic illustration showing the fabrication process of
the HPC.

Figure 1. The a) SEM, b) TEM, and c) HAADF-STEM images of HPC-
800. d) The corresponding elemental mapping of C (green), Zn
(purple), and N (red) for the selected area in (c).

Figure 2. a) The aberration-corrected HAADF-STEM image of HPC-800
(single-atom Zn is highlighted with red circles). b) Zn K-edge XANES
and c) k3-weighted Fourier transform of EXAFS spectra. The dashed
lines highlight the peak difference between Zn foil and HPC-800.
d) The EXAFS R-space fitting curve of HPC-800 (Inset: model of HPC-
800, Zn is shown in red, N is shown in blue, and C is shown in gray).
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401 eV, corresponding to pyridinic N, pyrrolic N, and graphitic
N,[12] respectively, which might serve as coordination sites for
Zn atoms. The lower binding energy of 2p3/2 of Zn species
than ZnO[11a] infers that ZnO is not the predominant species
in HPC-800.

To elucidate the form of the zinc species in HPC-800, X-
ray absorption spectroscopy (XAS), a powerful technique to
determine the coordination environment and valence state of
the target atoms was adopted. As shown in X-ray absorption
near-edge structure (XANES) spectra (Figure 2 b), the posi-
tion of the absorption threshold for HPC-800 is located
between those of Zn foil and ZIF-8, but closer to ZIF-8,
indicating that the valence state of the Zn species in HPC-800
is probably situated between 0 and + 2 (close to + 2). This
result is further verified by the differential curve comparison
based on the XANES data (Supporting Information, Fig-
ure S7). Moreover, the extended X-ray absorption fine
structure (EXAFS) spectra further reveal that HPC-800 and
ZIF-8 exhibit similar Zn–N coordination with a peak at about
1.6 c (Figure 2c). However, the slightly lower R-position in
the Zn–N peak for HPC-800 indicates that the Zn atom in the
pyrolysis product is slightly different from the tetrahedral
coordination in the parent ZIF-8. Importantly, the finger-
printing signal peaks of Zn–Zn interactions in Zn foil (2.3 c)
and ZnO (2.9 c) are not observed in the profile of HPC-800,
manifesting the atomic dispersion of Zn in HPC-800. The best
fitting result of the obtained EXAFS data reveals that Zn–N4

is the dominant coordination mode of Zn atoms in HPC-800
(Figure 2d and Supporting Information, Figure S8 and
Table S2). These results indicate that the abundant N atoms
in H-ZIF-8 are crucial in stabilizing the high content of single-
atom Zn and avoiding the formation of Zn particles.

The porous character of all HPC-T samples has been
investigated by N2 sorption (Supporting Information,
Table S3). The sorption curves and the pore size distribution
analysis suggest the presence of hierarchical pores in all
samples (Supporting Information, Figures S9 and S10). Apart
from micropores, a considerable amount of pores fall into the
mesopore and macropore ranges. The micropore is beneficial
to the CO2 enrichment, whereas mesopores and macropores
would facilitate the transport of substrates/products. To
examine the CO2 capture capability of HPC-800, the CO2

sorption has been measured to give 98.6 and 67.7 cm3 g@1 at
1 bar at 273 and 298 K, respectively, (Supporting Information,
Figure S11), which represents a moderately high level and is
comparable to those of other porous materials.[4c,13]

Remarkably, HPC-800 exhibits a broad photoresponse in
the range of 230–800 nm, which almost covers ultraviolet and
visible regions of sunlight (Supporting Information, Fig-
ure S12). The photothermally driven cycloaddition of CO2

with 3-bromopropylene oxide under light irradiation was first
chosen to explore the optimized reaction parameters
(Table 1). Among all pyrolysis products, HPC-800 presents
the highest catalytic yield (94%) under identical conditions
(entries 1–5 in Table 1). To evaluate the photothermal effect
of HPC-800, the temperature of the solution was detected
during the reaction. Results show that light can be efficiently
converted into heat with HPC-800 (Supporting Information,
Figure S13). Since temperature is critical to the CO2 cyclo-

addition reaction, the yield is sharply reduced to < 5%
without light irradiation (entry 6 in Table 1), manifesting the
vital importance of photothermal effect for this reaction.
Moreover, the catalytic activity of HPC-800 is greatly affected
by the light intensity (Supporting Information, Figure S14).
Furthermore, in the absence of HPC-800, tetrabutyl ammo-
nium bromide (TBAB), or CO2, the target product is greatly
reduced or even undetectable (entries 7–9 in Table 1).
Obviously, all of these components are essential for the
catalytic CO2 cycloaddition. Moreover, the type of co-catalyst
plays a crucial role in this reaction. When TBAB is replaced
by tetrabutyl ammonium chloride (TBAC), the conversion
reduces to 60 % (entry 10 in Table 1). The larger ionic radius
of Br@ in comparison to Cl@ results in the easier separation of
Br@ from TBA+.[14a] Moreover, the stronger nucleophilic
effect of Br@ than that of Cl@ makes Br@ more effective at
attacking epoxide.[14b] These two factors finally lead to the
better catalytic activity of TBAB. Furthermore, the wave-
length range of the light source is another crucial factor.
When the light source is cut to visible light (400–800 nm), the
yield of the target product sharply reduces to 51 % (entry 11
in Table 1).

To demonstrate the advantages of the unique hollow
structure of HPC-800 for catalysis, a control experiment with
the product of pyrolyzing ZIF-8 particles at 800 88C (denoted
ZIF-8-800) was conducted. Only 58% conversion was ach-
ieved when using ZIF-8-800 under similar conditions
(entry 12 in Table 1). For further direct comparison, the
hollow structure of HPC-800 was deliberately destroyed

Table 1: Catalytic cycloaddition reaction of 3-bromopropylene oxide and
CO2 under different conditions.[a]

Entry Catalyst CO2 [bar] Co-catalyst Yield [%][b]

1 HPC-600 1 TBAB 77
2 HPC-700 1 TBAB 87
3 HPC-800 1 TBAB 94
4 HPC-900 1 TBAB 62
5 HPC-1000 1 TBAB 39
6[c] HPC-800 1 TBAB <5
7[d] – 1 TBAB <5
8[e] HPC-800 1 – 14
9[f ] HPC-800 – TBAB –
10[g] HPC-800 1 TBAC 60
11[h] HPC-800 1 TBAB 51
12 ZIF-8-800 1 TBAB 58
13 HPC-800-smashed 1 TBAB 65
14 HPC-800-P 1 TBAB 70
15 HPC-800-C 1 TBAB 52
16 AC 1 TBAB <5
17[i] HPC-800 0.15 TBAB 90

[a] Reaction conditions: 0.15 mmol 3-bromopropylene oxide, 30 mg
catalyst, 0.1 mmol TBAB, 3 mL DMF, 1 bar CO2, 300 mWcm@2 full-
spectrum irradiation, 10 h. [b] Products were analyzed and identified by
gas chromatography. [c] No light irradiation. [d] No catalyst. [e] No
TBAB. [f ] 1 bar CO2 was replaced with 1 bar N2. [g] Co-catalyst was
replaced with 0.1 mmol TBAC. [h] Full-spectrum irradiation was replaced
with visible irradiation. [i] 1 bar CO2 was replaced with a mixture gas
(0.15 bar CO2, 0.85 bar N2), and the reaction was extended to 30 h.
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(denoted as HPC-800-smashed) using an ultrasonic disinte-
grator (Supporting Information, Figure S15). As expected,
without the unique hollow structure, the yield of target
product drops to 65% (entry 13 in Table 1). All of these
results explicitly indicate that the unique hollow structure
plays a critical role in light harvesting to enhance the activity
of the CO2 cycloaddition. To evaluate the significance of
single-atom Zn for the catalysis, single Zn atoms in HPC-800
were partially or (almost) completely removed to give HPC-
800-P (2.87 wt % Zn content) and HPC-800-C (0.08 wt% Zn
content) for control studies. Significantly, the yield of the
target product sharply drops to 70 % and 52 % when using
HPC-800-P and HPC-800-C, respectively, with other reaction
parameters fixed (entries 14 and 15 in Table 1 and Supporting
Information, Table S4). Moreover, a ZnO/AC (AC: activated
carbon) catalyst was prepared for comparison. The yield of
target product is greatly reduced to 54 % when using ZnO/AC
under similar conditions (Supporting Information, Fig-
ure S16). All of these results verify the critical role of single
Zn atoms. To demonstrate the role of the N species, using N-
free activated carbon as a catalyst gives no product under
similar conditions (entry 16 in Table 1), which is significantly
different from the yield (52 %) obtained when using N-doped
catalyst (HPC-800-C). The result obviously illustrates that the
uniformly doped N atoms are helpful to this reaction. The
single Zn atoms in the Znd+ (0< d< 2) oxidation state,
possessing empty orbitals to accept electrons, would serve as
Lewis acid sites, together with the Lewis base sites from their
surrounding N atoms, synergistically promote the reaction.
The CO2 capture capability and the photothermal effect of
HPC-800 further boost the cycloaddition reaction to give the
excellent efficiency. On the basis of preceding results,
a tentative reaction mechanism of HPC-800 has been
proposed (Scheme S1).

To verify the nature of the heterogeneous catalysis of
HPC-800, the filtration test was carried out after 4 h of
reaction. No further product can be detected, even after 6 h of
reaction, upon the removal of the catalyst while other
conditions remain, which reflects that the process should be
truly heterogeneous (Supporting Information, Figure S17).
More importantly, the activity and unique hollow structure of
the catalyst can be well maintained during the three runs,
indicating the recyclability and the stability of HPC-800
(Supporting Information, Figure S18). The powder XRD
pattern for HPC-800 after the reaction is similar to that
before reaction and does not show an identifiable diffraction
peak of Zn or ZnO species (Supporting Information, Fig-
ure S19). The EXAFS spectrum and aberration-corrected
HADDF-STEM observation for HPC-800 after three cata-
lytic cycles reveals that the Zn species are almost retained in
the single atom form (Supporting Information, Figure S20).
In order to investigate the catalyst performance under
practical conditions, a mixture of gas containing 0.15 bar
CO2 and 0.85 bar N2, simulating flue gas from a power plant,
was employed for the cycloaddition reaction.[13c,d] Delightedly,
the yield can reach up to 90% with extended reaction time
(entry 17 in Table 1), indicating that HPC-800 is an excellent
heterogeneous catalyst for the CO2 capture and subsequent
conversion with epoxides.

Encouraged by the above superior performance of HPC-
800 for the CO2 cycloaddition with 3-bromopropylene oxide,
various epoxides with different functional groups were
further investigated (Supporting Information, Table S5). To
our delight, good to excellent conversions can be achieved in
almost all reactions, indicating the great substrate tolerance of
the catalyst. All small epoxides with electron-withdrawing/-
donating groups can be efficiently converted (entries 1–3 in
Table S5). In comparison, considering the steric hindrance
effect of large substituents, both 2-(phenoxymethyl)-oxirane
and 1,2-epoxyhexane give relatively low reaction rates
(entries 4 and 5 in Table S5). Of these two substrates, the
activity of 2-(phenoxymethyl)-oxirane is higher, in which the
electron-withdrawing group (-OPh) makes the substrate more
susceptible to Br@ attack from TBAB, accelerating the
reaction. As an exception, the catalyst gives relatively low
yield (67 %) for styrene oxide conversion, even when the
reaction time is extended to 48 h (entry 6 in Table S5), which
might be due to the strong interaction between the epoxy
group and benzene ring.

In summary, we have rationally fabricated a series of HPC
catalysts with uniform N doping and ultrahigh loading of
single Zn atoms in the carbon shell, based on the pyrolysis of
hollow MOF spheres, for catalytic CO2 cycloaddition with
epoxides. The hollow-structured porous carbon, which allows
multiple reflections of light within the interior cavity, can
efficiently harvest solar energy in a broad UV–visible range
and convert it into heat, significantly boosting the endother-
mic CO2 conversion. Meanwhile, the ultrahigh content of
single Zn atoms is stabilized by the surrounding N atoms to
give Zn–N4 units, in which Zn and N behave as a Lewis acid
site and a Lewis base site, respectively, and cooperate to
promote the substrate activation. Furthermore, the hierarchi-
cally porous character of the carbon shell facilitates CO2

enrichment and rapid transport of substrates/products. As
a result, the optimal HPC-800 is capable of efficiently
catalyzing the CO2 cycloaddition reaction under light irradi-
ation at ambient temperature. Moreover, the structure and
activity of the catalyst are well retained during recycling
experiments. This work represents not only the first attempt
on introducing single atoms but also the first integration of
the photothermal effect into the endothermic CO2 cyclo-
addition. This combination synergistically promotes the
catalytic process. We envision that the current strategy,
based on MOF precursors, for the formation of single-atom
catalysts featuring significant photothermal effect will open
an avenue for the enhanced catalysis toward diverse reactions.
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