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boosting CO2 chemical fixation†
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The cycloaddition of CO2 with epoxides towards cyclic carbonates provides a promising pathway for CO2

utilization. Given the crucial role of epoxide ring opening in determining the reaction rate, designing

catalysts with rich active sites for boosting epoxide adsorption and C–O bond cleavage is necessary for

gaining efficient cyclic carbonate generation. Herein, by taking two-dimensional FeOCl as a model, we

propose the construction of electron-donor and -acceptor units within a confined region via vacancy-

cluster engineering to boost epoxide ring opening. By combing theoretical simulations and in situ diffuse

reflectance infrared Fourier-transform spectroscopy, we show that the introduction of Fe–Cl vacancy

clusters can activate the inert halogen-terminated surface and provide reactive sites containing electron-

donor and -acceptor units, leading to strengthened epoxide adsorption and promoted C–O bond

cleavage. Benefiting from these, FeOCl nanosheets with Fe–Cl vacancy clusters exhibit enhanced cyclic

carbonate generation from CO2 cycloaddition with epoxides.
Introduction

The conversion of carbon dioxide (CO2) into high-value-added
chemicals has attracted worldwide attention, owing to its
great potential in dealing with the challenge of global
warming.1–3 Among various conversions, the cycloaddition of
CO2 with epoxides exhibits 100% atomic utilization and offers
a promising synthetic route for high-value-added multi-carbon
(i.e., cyclic carbonates) products.4–7 As for the reaction, ring
opening of epoxides is recognized to be the rate-determining
step, and hence, exploring catalysts to boost such a step is
crucial.8–10 Over the past few decades, heterogeneous catalysts
have been drawing great attention due to their advantages in
stability and reusability.11,12 However, compared with the
homogeneous ones, heterogeneous catalysts generally suffer
from low activity due to their limited number of active sites,13

and thus molecular co-catalysts (like tetra-alkylammonium
halides) are usually needed.14 Besides, the complicated
surface structures make it difficult to identify reactive sites in
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heterogeneous catalysts, thereby hindering the understanding
of the involved structure–activity relationship.15 Therefore,
designing heterogeneous catalysts with denite reactive sites to
boost epoxide ring opening is of great signicance in pursuing
highly efficient cyclic carbonate generation.16

Traditionally, two dominant processes are involved in ring
opening of epoxides: the adsorption of epoxides and the cleavage
of the C–O bond.17,18 As for ring opening of epoxides, a Lewis acid
providing coordination sites toward an oxygen atom is typically
needed. The coordination can effectively decrease the energy
barrier for epoxide ring-opening, which provides a good leaving
group and hence accelerates the subsequent C–O bond cleavage.
Besides, given the electrophilic feature of a carbon atom in an
epoxy ring, nucleophile species is required to attack the carbon
atom for boosting epoxide ring-opening.19 In this case, con-
structing conned reactive sites with both electron-donor and
-acceptor units on the surface of heterogeneous catalysts is ex-
pected to facilitate ring opening of epoxides. Meanwhile, in situ
diffuse reectance infrared Fourier transform spectroscopy
(DRIFTS) can provide information on the dynamics of the reac-
tion process and key intermediates, helping to enrich the
understanding of the reaction pathway. This provides important
support for understanding the catalytic reaction process and
determining the active site of the reaction.20–22 Herein, we focus
our attention on layeredmetal oxyhalideMOX (M= Fe, Bi; X= Cl,
Br, I), whose heterogeneous structure with alternating [M2O2]

2+

and halogen layers might enable the presence of electron-donor
and -acceptor units in a conned region.23–26 Although halogens
are considered to be robust nucleophilic species for attacking an
electrophilic carbon atom of an epoxy ring, the halogen-
Chem. Sci., 2023, 14, 1397–1402 | 1397
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Scheme 1 Illustration of the ring opening of epoxides in an MOX system.
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terminated surface of MOX would inhibit the exposure of metal
atoms serving as electron-acceptor units. Additionally, a halogen
atom (Br, Cl, I) existing in the crystal lattice would be advanta-
geous for catalyst recovery and separation.27–29 Note that the pair
of electron-donor and -acceptor units proposed here is distin-
guished from a frustrated Lewis pair that underlies the steric
hindrance between Lewis-acid and Lewis-base species. Therefore,
structural regulation for realizing effective metal exposure should
be implemented. Bearing this in mind, we anticipate the
construction of reactive sites containing electron-donor and
-acceptor units by introducing vacancies on a halogen-coated
surface to facilitate the ring opening of epoxides (Scheme 1).
We report on the synergistic construction of electron-donor and
-acceptor units at one active site.
Fig. 1 (a) Density of states of various FeOCl slabs. (b) The charge
density of POmolecule absorption onto FeOCl with an Fe–Cl vacancy
cluster. (c) HRTEM image and the corresponding SAED pattern of
FeOCl–Li nanosheets. (d) Fe 2p XPS spectra of FeOCl–Li and FeOCl–
CO2.
Results and discussion

Herein, by taking two-dimensional FeOCl as an example, we
investigate the feasibility of vacancy engineering for constructing
reactive sites with electron-donor and -acceptor units conned
therein. Density functional theory (DFT) calculations were
employed to investigate the impact of different vacancies on the
electronic structure of an FeOCl system. Here, three types of
models, i.e., pristine, Cl-vacancy-containing and Fe–Cl-vacancy-
cluster-containing FeOCl single layers were built. As illustrated
in Fig. 1a and S1,† there were notable defective states in FeOCl
with Cl vacancy and Fe–Cl vacancy clusters, which would be
benecial for electron transfer during the catalytic processes.
Furthermore, the adsorption behaviors of propylene oxide (PO) on
FeOCl slabs were studied. As shown in Fig. 1b and S2b,† a PO
molecule can be effectively adsorbed on the two defective FeOCl
models. Besides, the steric hindrance involved in epoxide ring
opening30 tends to be overcome or reduced at the Fe–Cl vacancy
cluster owing to its larger size. Moreover, FeOCl with an Fe–Cl
1398 | Chem. Sci., 2023, 14, 1397–1402
vacancy cluster exhibits promoted electron transfer between the
slab and PO molecule, compared with FeOCl with Cl vacancies
(Fig. S2b†).31,32 Such a feature suggests that an Fe–Cl vacancy
cluster would strengthen the adsorption of a PO molecule, which
would be favorable for the following ring opening of epoxides.

In this study, defective FeOCl nanosheets were obtained by
liquid exfoliation of N-butyllithium- and CO2-intercalated
FeOCl bulk precursors (XRD pattern and SEM image are shown
in Fig. S3†), and the obtained samples are denoted as FeOCl–Li
and FeOCl–CO2, respectively (see details in the ESI†). The
structures of the as-exfoliated FeOCl samples were investigated
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Positron annihilation spectroscopy (PAS) results of FeOCl–CO2

and FeOCl–Li. (a) Positron annihilation lifetime spectra of FeOCl–CO2

and FeOCl–Li nanosheets. (b) Schematic representations of trapped
positrons at the Fe–Cl vacancy cluster (left) and Cl vacancy (right) in
FeOCl.
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by X-ray diffraction (XRD) measurement. As shown in Fig. S4a
and S5a,† XRD patterns of the samples match well with the
typical FeOCl structure (JCPDS card no. 72-0619).33 Aer the
liquid exfoliation process, the XRD pattern of FeOCl–Li exhibi-
ted strong {010} diffraction peaks ((010), (030), (040) and (050))
and faint diffraction peaks for other planes, suggesting high
purity with predominant [010] orientation of the sample. Their
similar structures are further conrmed by the Raman spectra
(Fig. S6a†) that display the characteristic bands of an FeOCl
system. Besides, Fourier transform infrared spectra (FTIR, Fig.
S6b†) conrm the surface cleanliness of the samples, where
a new peak located at 806 cm−1 in FeOCl–Li nanosheets would
be assigned to the promoted stretching of the Fe–O bond.34

The morphologies of the as-exfoliated samples were char-
acterized by transmission electron microscopy (TEM) and
atomic force microscopy (AFM). The TEM images (Fig. S4b and
S5b†) show that both samples exhibit free-standing sheet-like
morphologies with micrometer-level lateral sizes. The AFM
images (Fig. S7 and S8†) and the corresponding height proles
conrm the thicknesses of the as-prepared FeOCl nanosheets to
be ∼0.9–2.7 nm, corresponding to one- to three-unit-cell
thickness along the b axis. The high-resolution transmission
electron microscope (HRTEM) images are displayed in Fig. 1c
and S9,† where the lattice-fringe spacings of 1.90 Å and 1.66 Å
correspond to the plane distances of (200) and (002), respec-
tively. The HRTEM images as well as the corresponding
selected-area electron diffraction (SAED; inset of Fig. 1c)
patterns further conrm the [010] orientation of the sample.
The scanning transmission electronmicroscopy (STEM) and the
corresponding energy dispersive spectroscopy (EDS) mapping
images (Fig. S10†) clearly reveal the homogeneous distributions
of iron, oxygen, and chlorine in both samples. The two samples
exhibit similar BET surface areas (Fig. S11†), which enables the
parallel comparison of their catalytic performances. The
chemical components and chemical states of the samples were
investigated by X-ray photoelectron spectroscopy (XPS). Both
samples exhibit the signals of Fe, O, and Cl (Fig. S12†).
Compared with FeOCl–CO2 nanosheets, FeOCl–Li nanosheets
exhibits a redshi of ∼0.36 eV in the Fe 2p XPS spectrum
(Fig. 1d), suggesting the presence of low-valence Fe species that
might be related to the reduction effect of N-butyllithium.35 As
shown in Fig. S13,† Fe–O and Fe–Cl bonds are conrmed by the
O 1s peak (∼530.5 eV) and Cl 2p peak (198.9 eV). The XPS
spectra for all elements in FeOCl–Li nanosheets exhibit
different degrees of redshi compared with those of the
elements in FeOCl–CO2 nanosheets, which might have origi-
nated from their different defect types.

As an effective technique for identifying defective structures
in solids, positron annihilation spectroscopy (PAS) was
employed to determine the defect types in the two samples. As
displayed in Fig. 2, the different positron annihilation lifetime
spectra suggest the distinct defect types in the two samples.
Here, a tri-exponential decay function was found to be more
suitable for tting the lifetime curves, and the corresponding
tting results are listed in Table S1.† For both samples, there is
a nanosecond scale positron annihilation lifetime component
(s3), which would be related to the pick-off annihilation of ortho-
© 2023 The Author(s). Published by the Royal Society of Chemistry
positronium at interfaces.36,37 According to the calculated life-
times (shown in Table S2†), the rst two lifetime components
could be assigned as follows: the shortest s1 values (249.0 ps vs.
228.0 ps) would be related to free-state or trapping-state anni-
hilation, while the different s2 values (374.0 ps vs. 408.0 ps)
suggest the dominant defect types to be a Cl vacancy (VCl) and
Fe–Cl vacancy cluster (VFe–Cl) in FeOCl–CO2 nanosheets and
FeOCl–Li nanosheets, respectively. For simplicity, we re-denote
the samples containing a Cl vacancy and Fe–Cl vacancy cluster
as FeOCl–VCl and FeOCl–VFe–Cl, respectively.

Considering that a vacancy cluster leads to promoted
epoxide adsorption and electron transfer, we anticipate FeOCl–
VFe–Cl to exhibit promoted activity for cycloaddition of CO2 with
epoxides. We rst synthesized FeOCl–VFe–Cl nanosheets by
using different N-butyllithium-intercalation times to adjust the
defect concentration (2 h, 4 h, 6 h and 8 h named FeOCl–VFe–Cl-
2, FeOCl–VFe–Cl-4, FeOCl–VFe–Cl-6 and FeOCl–VFe–Cl-8). Accord-
ing to the results of ICP-AES and EPMA (Tables S3 and S4†), we
found that the defect concentration of FeOCl–VFe–Cl gradually
increased with the N-butyllithium-intercalation reaction time.
Herein, the cycloaddition reaction of CO2 with PO into
propylene carbonate (PC) was conducted to evaluate the cata-
lytic performance of FeOCl systems. The FeOCl nanosheets with
a butyllithium-intercalation reaction time of 8 h had the highest
defect concentration and their catalytic conversion rate was also
the highest (Fig. S14†). As shown in Fig. 3a, compared with
FeOCl–VFe–Cl and FeOCl–VCl nanosheets, FeOCl-bulk exhibits
extremely low catalytic activity in the high temperature region.
It is surprising that both FeOCl–VFe–Cl and FeOCl–VCl nano-
sheets could catalyze the cycloaddition reaction, where FeOCl–
VFe–Cl exhibits much higher catalytic activity than FeOCl–VCl

throughout the temperature range (333–423 K; the products
were detected by nuclear magnetic resonance spectroscopy, Fig.
S15†). The reaction yield was calculated according to: yield
=mol of propylene carbonate/mol of epoxide× 100%. Owing to
the residues trapped in the slots of a stainless steel autoclave,
the calculated results are typically lower than ∼90%. However,
no obvious by-products could be detected. As shown in Fig. 3b,
Arrhenius plots were obtained based on the linear tting of ln
TOF vs. 1000/T.38 Remarkably, the activation energy for FeOCl–
VFe–Cl nanosheets is 55.5 ± 1.6 kJ mol−1, which is signicantly
less than that for FeOCl–VCl nanosheets (130.2 ± 7.8 kJ mol−1),
Chem. Sci., 2023, 14, 1397–1402 | 1399
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Fig. 3 Evaluation of catalytic performance of FeOCl–VCl and FeOCl–
VFe–Cl nanosheets. (a) The yields of propylene carbonate under 0.3
MPa of CO2 at difference temperatures. (b) The Arrhenius plots of
different FeOCl nanosheets on the basis of figure (a). (c) Catalytic
recyclability of FeOCl–VFe–Cl nanosheets. (d) Catalytic performance
comparison of FeOCl nanosheets toward CO2 cycloaddition with
different epoxides ([*] glycidol at 393 K; [**] epoxy bromopropane at
353 K).

Fig. 4 Mechanism exploration. (a) Time-dependent in situ DRIFTS
spectra for the FeOCl–VFe–Cl nanosheets with CO2 and PO under an
atmosphere of CO2 (0.3 MPa) at 413 K. (b) Amplifications of the
selected areas of the full DRIFTS spectra. (c) The calculated energy
profiles of the cycloaddition of CO2 with PO for different FeOCl
nanosheets.
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further indicating the positive role of vacancy clusters in
boosting the ring opening of epoxides. The recyclability and
stability of FeOCl–VFe–Cl nanosheets was examined by 5
consecutive reaction cycles, in which the catalytic performance
of FeOCl–VFe–Cl nanosheets was well maintained (Fig. 3c).
Meanwhile, the corresponding Raman spectra, TEM image and
HRTEM image veried the maintained phase and the
morphology for the FeOCl–VFe–Cl nanosheets aer a 5-cycle test,
further indicating their long-term stability (Fig. S16–S18†).
Besides, several other epoxides with different substituents (i.e.,
1,2-epoxy-2-methylpropane, glycidol, epoxy bromopropane and
1,2-epoxybutane) were selected to investigate the scope of
FeOCl–VFe–Cl-based catalytic CO2 cycloaddition reactions
(Fig. 3d). For all the kinds of epoxides, FeOCl–VFe–Cl exhibited
higher yields of target products than FeOCl–VCl. The relatively
low conversion of 1,2-epoxybutane was attributed to the weak
polarity of the carbon chain in the epoxide molecule.39 All the
above results conrmed that FeOCl–VFe–Cl nanosheets can be an
efficient catalyst for cycloaddition of CO2 with epoxides towards
cyclic carbonates.

To gain in-depth understanding on the effects of a Fe–Cl
vacancy cluster on cycloaddition of CO2 with epoxides, in situ
diffuse reectance infrared Fourier-transform spectroscopy (in
situ DRIFTS) measurements were carried out,40 where the cata-
lyst and PO were mixed in a reaction chamber under a 0.3 MPa
CO2 atmosphere at 413 K. According to Fig. S19,† the ring-
opening of PO is evidenced by a gradually increase in the
peak at around ∼670 cm−1 that could be assigned to the
formation of a C–Cl bond.41–43 Such a feature clearly conrms
that a Cl atom at an Fe–Cl vacancy cluster could serve as an
electron-donor unit for attacking the electrophilic carbon atom
1400 | Chem. Sci., 2023, 14, 1397–1402
of PO. As shown in Fig. 4a and b, the peak at around 1047 cm−1,
which could be assigned to symmetric stretching vibrations of
C–O species,44 was improved with the increase in the reaction
time, conrming the signicant ring opening of PO by FeOCl–
VFe–Cl. The peaks at around 1409 cm−1 and 1650 cm−1 corre-
spond to symmetric stretching vibrations of the C–O bond and
the stretching vibration of C]O species of the COO group,45,46

whose increments conrm the formation of a carbonyl inter-
mediate. The in situ DRIFTS results suggest that the cycload-
dition of CO2 with PO involves the attack of a Cl site to the
carbon atom of PO, resulting in the formation of a ring-opened
intermediate; and CO2 insertion leads to the formation of
a carbonate intermediate.

To go further, DFT calculations of the reaction energy
changes for each elementary reaction were performed to
uncover the impacts of defect types on catalytic behaviors of the
samples. Considering that the opening process of the C–O–C
ring is the rate-determining step for CO2 cycloaddition with PO,
the climbing-image nudged elastic band method was employed
to explore the transition state (TS) reaction barrier for the ring-
opening step of PO on FeOCl nanosheets.47 As demonstrated in
Fig. 4c, the TS energy barriers are 106.6 and 66.7 kJ mol−1 for
FeOCl slabs with a Cl vacancy and Fe–Cl vacancy cluster,
respectively, manifesting the greater kinetics reaction activity of
FeOCl–VFe–Cl nanosheets. The energy barriers in the addition of
CO2 requires an uphill energy of 56.5 kJ mol−1 for FeOCl–VFe–Cl,
which is less than that for FeOCl–VCl (84.9 kJ mol−1). This
feature conrms that an Fe–Cl vacancy cluster could promote
the insertion of CO2. From the perspective of DFT simulations,
the enhanced activity of CO2 cycloaddition with PO on FeOCl–
VFe–Cl nanosheets could be attributed to lower energy barriers
© 2023 The Author(s). Published by the Royal Society of Chemistry
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arising from the optimized electron-donor and -acceptor units
on the halogen-coated surface.

Conclusions

In summary, we have shown that constructing conned reactive
sites with both electron-donor and -acceptor units on the
surface could facilitate the ring opening of epoxides. By taking
FeOCl nanosheets as an example, we demonstrated that Fe–Cl
vacancy clusters, introduced by an N-butyllithium-assisted
intercalation–exfoliation process, would signicantly activate
the halogen-terminated surface. Fe–Cl vacancy clusters could
adjust a localized electron conguration, thus leading to the
exposure of electron-donor (Cl sites) and -acceptor (Fe sites)
units at one active site. By combining in situ DRIFTS and
theoretical simulations, we highlight that the exposed Fe and Cl
atoms at the defective sites serve as electron-acceptor and
-donor units, respectively, which could facilitate the absorption
of epoxides and the subsequent nucleophilic attack of a carbon
atom, leading to promoted cleavage of a C–O bond. Beneting
from these, FeOCl–VFe–Cl nanosheets exhibit a reduced energy
barrier of 55.5 ± 1.6 kJ mol−1 for the cycloaddition of CO2 with
propylene oxide, which is less than half of that for the FeOCl–
VCl case. This work not only provides a practical way for
designing an efficient catalyst for CO2 cycloaddition, but also
gives deep insights into the role of defective structures in the
ring opening of epoxides.
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