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Metal-organic framework nanosheets (MOF NNs) offer potential opportunities for many applications, but
an efficient strategy for the scalable preparation of few-layered two-dimensional (2D) MOF NNs are still
a major challenge. Herein, we present an efficient top-down method for the synthesis of the Ni-BDC
(Nip(OH),(1,4-BDC); 1,4-BDC = 1,4-benzenedicarboxylate) nanosheets utilizing a novel thermal expansion-
quench method of the flowerlike bulky MOFs in liquid N,. The obtained Ni-BDC nanosheets exhibit signif-
icantly enhanced photocatalytic performance of reductive CO, deoxygenation (7.0 pmol h-' mg-') under
visible light illumination compared with the bulky MOFs, due to much higher surface area for CO, ad-
sorption, more abundant active sites exposed and stronger electron transport ability of the nanosheets.
More importantly, this synthetic strategy can be extended to fabricate other MOF nanosheets which also
exhibit significantly improved performance for deoxygenative CO, reduction compared to their bulky
counterparts. This work may provide a guideline for preparing other 2D layered photocatalysts materi-

als to realize energy conversion applications.

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

Medica, Chinese Academy of Medical Sciences.

Sunlight-driven catalytic reductive CO, deoxygenation into
chemicals feedstock compounds or valuable carbon-based fuels,
which have been considered as a possible long-term and sus-
tainable tactic to simultaneously ameliorate energy shortage and
reduce climate-changing CO, emissions [1-13]. However, a crit-
ical issue in this strategy is the development of efficient CO,
photoreduction system with high selectivity for practical applica-
tions, due to the sluggish kinetics of multielectron reaction process
and the high dissociation energy of C=0 bond [14,15]. The light-
stimulated CO, reduction uses solar energy to fulfill this crucial
mission, which usually unearths semiconductors, electron media-
tors, dyes, and coupling to CO, activators [16-18]. Thus, great ef-
forts have been devoted to unearthing light harvesters, CO, activa-
tors, electron-transport carriers and their integration into a photo-
catalytic reaction system for catalytic reductive CO, deoxygenation
[19,20].

Metal-organic frameworks (MOFs) [21-27], a typical class of mi-
croporous crystalline materials composed of tailorable bridging or-
ganic ligands and high-density metal nodes, have received great at-
tention in many fields, including luminescence, chemical sensing,
catalysis, drug delivery, and gas storage and separation [21-25].
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Benefitting from abundant active sites and diverse architectures,
MOFs are emerging as promising photocatalysts for reductive CO,
deoxygenation [28-30]. As a 2D material, MOF nanosheets (MOF
NNs) with a thickness of several nanometers, are not only able
to afford rapidly charge transfer and mass transport, but also pos-
sess plentiful and accessible active sites for improving the perfor-
mance of catalysis [31-33]. Unfortunately, converting normal bulk
MOF material into ultrathin nanosheets has proved challenging be-
cause intralayer coordination bonds of MOF are easily destroyed
[34]. Two main strategies, bottom-up and top-down, have been ap-
plied to fabricate 2D MOF NNs. The bottom-up method mainly re-
lies on the utilization of surfactants [35] or substrates [36], which
limits their mass production and applications. Even so, MOF NNs
synthesized by the traditional bottom-up chemical method are still
relatively thick [33,37]. Few-layered MOF NNs are mostly prepared
via top-down approaches, including electrochemical means [31],
liquid-phase exfoliation [33] and ultrasound exfoliation [34,38]. But
it is still a great challenge to build MOF nanosheets in large scale
and economics. Considering energy conservation, synthesizing time
and yield, an ideal strategy for fabricating few-layered MOF NNs
should incorporate nontoxic components, scalability, a short reac-
tion period and nonuse of chemical reagents.

Herein, Ni-BDC NNs (Niy(OH),(1,4-BDC); 1,4-BDC=1/4-
benzenedicarboxylate) is synthesized via an efficient and sim-
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Flowerlike bulk Ni-BDC-250 Ni-BDC NNs

Fig. 1. Synthetic procedure for Ni-BDC NNs by a thermal expansion method.

ple thermal expansion-quench method using the flowerlike bulk
Ni,(OH),(1,4-BDC) (Ni-BDC-250) as precursor. The obtained Ni-BDC
NNs exhibits significantly improved visible light CO, reduction
performance compared to the flowerlike bulky [Niz(OH),(1,4-
BDC),(H;0)4]-2H,0 (Ni-BDC) and Ni-BDC-250 under the same
mild reaction condition, which benefits from much higher surface
area for CO, adsorption with more abundant active sites exposed
and the stronger electron transport ability. The synthesis route of
the Ni-BDC NNs is illustrated in Fig. 1. Firstly, Ni-BDC was heated
to remove coordinated water molecules to gain anhydrous Ni-
BDC-250. Afterward, the Ni-BDC-250 was heated to 250°C in air
and immediately dipped it into the cryogenic liquid N, (—196°C),
followed by a drastic gasification of liquid N,, thus yielding Ni-
BDC NNs. The essence of this tactics lies in incorporation with
a high temperature triggered expansion of Ni-BDC-250 and a
subsequent liquid N, gasification that exfoliated the Ni-BDC-250
(a thermal expansion quench method by virtue of cryogenic liquid
N,, namely, quenching the high temperature expanded state to
low temperature condensed state, followed by thermal expansion
driven exfoliation upon temperature increase again). This process
is co-friendly because liquid N, is a nontoxic medium which can
be evaporated completely after reaction, leaving no impurities in
the product. The high thermostability of Ni-BDC-250 in air was
confirmed by thermogravimetric analysis (Fig. S1 in Supporting in-
formation), it is suitable to apply such high temperature treatment
without destructing Ni-BDC-250 structure.

In order to demonstrate the morphology change after the lig-
uid N, exfoliation, the scanning electron microscopy (SEM) im-
ages of Ni-BDC, Ni-BDC-250 and Ni-BDC NNs are shown in Figs. S2
and S3 (Supporting information), Fig. 2a and Fig. S4 (Supporting
information), respectively. As shown in Fig. S3, the flowerlike Ni-
BDC-250 reveals obvious accumulation of the nanosheets. In Fig.
2a and Fig. S4 the resultant Ni-BDC NNs demonstrates an ultra-
thin nanosheet-like morphology compared to the bulky Ni-BDC-
250 precursors. Meanwhile, to obtain more information about the
structure and morphology of Ni-BDC NNs, transmission electron
microscopy (TEM) analysis was implemented. Fig. 2b shows that
the Ni-BDC NNs has an ultrathin, overlapped flat and transparent
structure, which provides clear evidences that Ni-BDC NNs are ex-
foliated drastically into very thin layers. The thickness information
of the as-made Ni-BDC NNs is further probed via atomic force mi-
croscopy (AFM) technology. As depicted in the line-scan profile of
Ni-BDC NNs (20%-25% yield; Fig. 2c and Fig. S5 in Supporting in-
formation), the resultant Ni-BDC NNs possess the ultrathin struc-
ture with an average thickness of ~4.6 nm, which is about 4 atomic
layers according to previously reported 1.1 nm of the single coor-
dination structural layer of Ni-BDC [39]. Benefitting from the ter-
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Fig. 2. Surface morphology of Ni-BDC NNs. (a) SEM image. (b) TEM image. (c) AFM
image and corresponding topographies. (d) STEM image and EDX elemental map-
ping images of C, O and Ni.

mination of the bonding between ligands and metal nodes, more
abundant unsaturated metal sites would be exposed on the sur-
faces of MOF NNs compared to the bulk counterpart, thus provid-
ing an ideal model to investigate the significance of metal sites.
The homogeneity of Ni-BDC NNs was further proved by scanning
transmission electron microscopy (STEM) and energy-dispersive X-
ray (EDX) elemental mapping, which reveals the even distribu-
tion of C, O and Ni elements on the Ni-BDC NNs throughout the
whole selected area (Fig. 2d). In addition, the nitrogen adsorption-
desorption tests reveal the Ni-BDC NNs with a high BET surface
area of 81.6 m?/g which is about 4 times that of the Ni-BDC-250
(Fig. S6a in Supporting information). The result suggests that Ni-
BDC NNs possesses more abundant active sites for surface cataly-
sis than the Ni-BDC and Ni-BDC-250, thus accelerating mass/charge
transfer to enhance photoredox catalysis. The CO, adsorption mea-
surement is further demonstrated that Ni-BDC NNs exhibits a max-
imum CO, uptake of ca. 49 cm3/g at 760mmHg and 273K com-
pared with Ni-BDC (1.9 cm3/g) and Ni-BDC-250 (1.7 cm3/g) (Fig.
S6b in Supporting information). Compared to the Ni-BDC and Ni-
BDC-250, the high BET surface area and CO, uptakes suggest that
Ni-BDC NNs possesses more abundant active sites for surface catal-
ysis, promising for accelerating mass/charge transfer to enhance
photoredox catalysis.

To further study the crystalline structure of Ni-BDC samples,
XRD patterns was carried out. Fig. S7a (Supporting information)
reveals that structure of Ni-BDC change completely after the high-
temperature heat treatment, which has successfully translated into
anhydrous Ni,(OH),(1,4-BDC) (Ni-BDC-250) with high thermosta-
bility [40]. In addition, we failed to detect that the Ni-BDC-250
structure was destructed after the cryogenic liquid N, treatment.
As shown in the FT-IR spectra (Fig. S7b in Supporting informa-
tion), the same main characteristics can be observed for all sam-
ples. The paraaromatic CH groups and stretching vibrations of OH~
give band around 1500 cm~! and 3600 cm~!, respectively [41].
Two intense bands at 1370 cm~! and 1580 cm~!, are assigned to
characteristic absorption bands of the symmetric and asymmetric
vibrations of the coordinated carboxyl group (-COO-), respectively
[41]. In addition, the two bands at ca. 3055 cm~! and 3424 cm™!
are corresponded to the stretching vibrations of water molecule
[40,42], verifying the presence of the coordinated H,O in the Ni-
BDC but not for Ni-BDC-250 and Ni-BDC NNs. This result is also
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Fig. 3. (a) XPS survey and (b-d) hight-resolved spectra of Ni-BDC NNs sample.

confirmed by thermogravimetric analysis (Figs. S1 and S8 in Sup-
porting information).

X-ray photoelectron spectroscopy (XPS) was carried out to un-
derstand the chemical valence state of the key elements. In Fig.
3a, only C, O and Ni elements were detected and the chemical va-
lence of Ni was divalent in all specimens [42]. The bond charac-
teristics of the Ni-BDC NNs are further demonstrated by the high-
resolution C 1s, O 1s and Ni 2p spectra (Figs. 3b-d). The main peak
of C 1s at 284.8eV is attributed to C-C bands, and the subpeak
at 288.4eV is due to O-C=0 bands from terephthalate. The O 1s
spectrum can be deconvoluted into two O species, i.e., 531.3 eV for
Ni-O bands and 533.2eV for C-O bands [42]. In the Ni 2p spec-
trum (Fig. 3d), the binding energies of 855.6eV and 873.3eV are
assigned to Ni 2p;, and Ni 2p;p,, respectively. And there are two
satellite peaks at 861.1eV and 879.4eV, proving the existence of
the +2 oxidation state of Ni. In addition, in the Ni 2p spectrum, the
peaks of Ni 2p3, and Ni 2p;j, of Ni-BDC-250 shifted to a slightly
smaller binding energy compared to Ni-BDC (a shift of approxi-
mately 0.4 eV), manifesting that this structural transformation can
modify local electronic structure of Ni (Fig. S9 in Supporting in-
formation). The elemental analysis by XPS (Table S1 in Supporting
information), revealed that Ni content of the Ni-BDC NNs is 39.2%,
which is very close to the calculated value of 37.3% based on the
crystal structures.

In order to better understand the electronic band structures and
the optical absorption of Ni-BDC catalyst, the diffuse reflectance
spectra (DRS) were measured. As shown in Fig. S10a (Supporting
information), it can be clearly observed that the optical absorption
edge of Ni-BDC-250 obviously red-shifts compared with Ni-BDC,
indicating that the structural transformation can modify their op-
tical absorption tails. Furthermore, compared to the Ni-BDC-250,
the intrinsic absorption edge of Ni-BDC NNs slightly blue-shift.
Fig. S10b (Supporting information) shows that the bandgaps en-
ergy of Ni-BDC NNs was calculated to be 2.70eV from the plot
of the (ahv)!/2 versus photon energy. Meanwhile, the valence band
(VB) energy of catalysts was obtained through the VB XPS (Fig.
S11 in Supporting information), and the VB energy of Ni-BDC, Ni-
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Fig. 4. (a) CO, photoreduction performance over different samples. (b) CO, pho-
toreduction activities of Ni-BDC NNs under various reaction conditions. (c) Wave-
length dependence of incident light on the generation of CO/H, by Ni-BDC NNs. (d)
Stability test of photocatalytic CO, reduction by Ni-BDC NNs.

BDC-250 and Ni-BDC NNs is 1.65, 1.57 and 1.98eV, respectively.
Thus, the conduction band (CB) energy of Ni-BDC, Ni-BDC-250
and Ni-BDC NNs was estimated to be —1.16, —1.05 and —0.72eV,
respectively, revealing that the Ni-MOF is a suitable catalyst for
photocatalytic CO,-to-CO conversion [4]. In addition, according to
the previously reported literature, the lowest unoccupied molec-
ular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) energy levels of photosensitizer [Ru(bpy)s]Cl, were —1.25
and 1.24eV (vs. NHE) [43]. The CB energy of Ni-BDC, Ni-BDC-250
and Ni-BDC NNs is lower than that of photosensitizer [Ru(bpy)s]Cl,
LUMO energy levels and therefore the electrons on photosensi-
tizer [Ru(bpy)s;]Cl, preferentially transfer to the Ni-BDC. To un-
derstand the separation-recombination rate of photoexcited charge
carriers, the room temperature photoluminescent (PL) quenching
characterization was performed on the reaction system contain-
ing Ni-BDC materials and the ruthenium photosensitizer (Ru) in
H,O0/acetonitrile mixture solutions (Fig. S12 in Supporting infor-
mation). Obviously, the PL intensity of Ni-BDC NNs obviously de-
creased compared with Ni-BDC and Ni-BDC-250. The PL quenching
in principle, indicates a suppressed recombination rate of the light-
stimulated charge carriers [44-46].

Photocatalytic CO, reduction reactions were conducted in
H,O/acetonitrile mixture with triethanolamine (TEOA) and
[Ru(bpy)3]Cl,-6H,0 (abbreviated as Ru, bpy=2,2'-bipyridine)
as the electron donor and photosensitizer, respectively, under
visible-light irradiation and mild reaction conditions (A > 400 nm,
30°C, 1 atm CO,) [20,47,48]. The performance of the deoxy-
genative CO, photoreduction reactions with different samples
as the catalysts was shown in Fig. 4a, Ni-BDC and Ni-BDC-250
enable catalytic reductive CO, deoxygenation under visible-light
irradiation with CO-evolving rates of 4.2 and 2.3 pmol/h, respec-
tively. However, the MOF nanosheets catalysts manifest enhanced
CO,-to-CO conversion activities. Obviously, Ni-BDC NNs sample
has exhibited the highest CO evolution rate of 7.0 pmol/h with a
H, generation rate of 0.56 pmol/h, acquiring a high CO selectivity
of 92.6%. Moreover, photocatalytic CO, reduction performance of
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Ni-BDC NNs is almost 3 times higher than Ni-BDC-250 sample.
This CO,-to-CO conversion rate is comparable to those of many
other CO, photoreduction systems under comparable conditions
(Table S2 in Supporting information). These results underline the
outstanding CO, reduction performance of Ni-BDC NNs, which
should be related to the ultrathin two-dimension (2D) nanosheets
structures for promoting the separation and transfer of light-
stimulated charge carriers. In addition, we failed to detect the
liquid products (e.g., CH3CH,OH, CH30H and HCOOH) in the pho-
tocatalytic system (Fig. S13 in Supporting information), consistent
with results of previously reported works [20,39,47,48].

Furthermore, no detectable gas products are generated in the
dark reaction system, indicating the nature of the CO, photoreduc-
tion reaction (Fig. 4b, column 2). Meanwhile, the photosensitizer of
[Ru(bpy)s]Cl,-6H,0 is indispensable to realize high-efficiency per-
formance of the CO,-to-CO conversion (Fig. 4b, column 3). Besides,
the low CO evolution rate (0.67 pmol/h) and low CO selectivity
(53.6%) are obtained without added Ni-BDC NNs catalyst into the
catalytic system (Fig. 4b, column 4). These results demonstrate that
the CO, reduction reaction is driven by the light-stimulation of
photosensitizer [Ru(bpy);]Cl,-6H,0 [39,47,49,50]. No obvious pho-
tocatalytic CO, reduction reaction is observed without TEOA, in-
dicating that the sacrificial agent TEOA is of great significance
(Fig. 4b, column 5) [48,51-53]. In addition, when the CO, gas is
replaced by N, in the otherwise same conditions, only a small
amount of H, are generated, and no CO product is detected in
the photocatalytic reaction system (Fig. 4b, column 6), indicat-
ing that the product CO originates from photocatalytic splitting of
CO, molecules [39,47,48]. The wavelength-dependent experiments
imply that the CO, reduction reaction is induced by the light-
stimulation (Fig. 4c). To evaluate its stability, Ni-BDC NNs is re-
peatedly employed to operate photocatalytic CO,-to-CO conversion
reactions for four cycles. As shown in Fig. 4d and Table S3 (Sup-
porting information), no noticeable deactivation is observed during
the tests, illuminating the high stability of Ni-BDC NNs. After the
photocatalytic test, XRD tests of used Ni-BDC NNs also support the
stability of the material (Fig. S14 in Supporting information).

In order to study the widespread applicability of the thermal
expansion method, another kind of isostructural Ni-MOF (NDC)
NNs (NDC=2,6-naphthalenedicarboxylic acid) is synthesized via
gas exfoliation method using the flowerlike bulk MOF as precur-
sor, and was applied to catalytic CO, reduction under visible light
illumination (Fig. S15 in Supporting information) [36]. The SEM im-
ages of Ni-MOF (NDC) NNs show clearly a much smaller size and a
flake-like morphology in micron-scale (Fig. S15b). As shown in Fig.
S15d, Ni-MOF (NDC) NNs exhibit significantly improved CO, pho-
toreduction performance (8.0 pmol/h) compared to their flowerlike
bulk counterpart (4.5 pmol/h).

On the basis of the experimental results, a probable mech-
anism for photocatalytic CO, reduction over Ni-BDC NNs has
been proposed in Fig. S16 (Supporting information). In this pro-
cess, the photosensitizer [Ru(bpy);]?* is photo-excited to generate
[Ru(bpy);]>** state which is then quickly reduced by the sacrifi-
cial TEOA as the electron donor, forming the reduced [Ru(bpy)s]|*™
species. Afterward, the [Ru(bpy)s]™ could transfer electrons to the
few-layered Ni-BDC NNs catalyst, which offers rich coordinatively
unsaturated Ni sites for the CO, adsorption and concentration.
Meanwhile, the adsorption of CO, molecules on the Ni-BDC NNs
surface is the committed step during the photocatalytic reaction
process [39]. Benefiting from the strong CO, molecules adsorption
on the Ni-BDC NNs surface, Ni-BDC NNs is able to capture CO, to
form the CO, adducts such as Ni-CO, [39]. According to previous
literature [54-58], the consumption of the CO, adducts to finally
form CO, which is the rate-limiting step of the catalytic reaction.
Thus, Ni-BDC NNs displays remarkable activity for deoxygenative
reduction of CO,.
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In summary, an efficient and simple thermal expansion-quench
triggered gas exfoliation method to synthesize Ni-BDC NNs has
been successfully developed. The as-synthesized Ni-BDC NNs
demonstrates a high specific surface area for CO, adsorption, ef-
ficient charge separation and transfer, as well as abundant catalyt-
ically active sites for photochemical reactions, promoting the sig-
nificant enhancement in CO, photoreduction compared to those of
bulk MOF. Importantly, this method has some advantages, includ-
ing low energy consuming, short reaction period, high yield and
easy to be scaled up. Here it has been exploited to fabricate other
2D MOF, such as Ni-MOF (NDC), also manifesting significantly im-
proved CO, photoreduction performance compared to their bulk.
As a new strategy, the present work is of profound significance in
exploiting possibilities for extensive research of the chemical and
physical properties of 2D layered materials, and extending consid-
erable potential for many applications, such as photocatalysts, pho-
toinduced sensors and some energy storage devices.
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