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Abstract: 2D metal–organic-framework (MOF) based com-
posites have emerged as promising candidates for electro-
catalysis due to their high structural flexibility and fully
exposed active sites. Herein, a freestanding metal–organic
layer (MOL) with a 2D kgd (kagome dual) lattice was
constructed with abundant surface oxygenate groups serving
as anchoring sites to immobilize diverse guests. Taking Bi as
an example, tetragonal Bi2O3 nanowires can be uniformly
grown on MOLs after solvothermal treatment, the structural
evolution of which was followed by ex situ electron micro-
scopy. The as-prepared Bi2O3/MOL exhibits excellent CO2

electroreduction activity towards formate reaching a specific
current of 2.3 AmgBi

� 1 and Faradaic efficiencies of over 85%
with a wide potential range from � 0.87 to � 1.17 V, far
surpassing Bi2O3/UiO (a 3D Zr6-oxo based MOF) and Bi2O3/
AB (Acetylene Black). Such a post-synthetic modification
strategy can be flexibly extended to develop versatile MOL
composites, highlighting the superiority of optimizing MOL-
based composites for electrocatalysis.

Introduction

Electrocatalytic CO2 reduction (ECR) to fuels (such as
formic acid/formate) is regarded as a promising strategy to
alleviate energy and environmental dilemmas, especially
considering the recent progress in competitive renewable
electricity.[1] In particular, formic acid/formate is of high
value in the chemical market and can also serve as a
hydrogen carrier for fuel cells, making it an attractive CO2

reduction product.[2] Early researches of bulk metals (such
as Sn, In, Bi, Pb, Co) as working electrodes failed to achieve

satisfactory performance, with respect to durability, activity,
selectivity and cost, highlighting the significance of develop-
ing novel catalysts.[3,4] Among them, Bi-based catalytic sites,
even though a late start, are receiving much attention, due
to their superiority on selectivity towards formic acid/
formate.[4]

Metal–organic frameworks (MOFs), constructed by met-
al-based secondary building units (SBUs) and organic
bridging ligands to form 3D rigid frameworks, have attracted
extensive interest as versatile platforms for diverse research
fields, especially in catalysis.[5a] Featuring ultra-high surface
areas, versatile porosities, flexible structures, and high
crystallinities, MOFs are promising candidates for superior
activities and investigating the structure–activity
relationship.[5] However, the electrically insulating nature of
most pristine MOFs hinders effective electron transfer to
the inner surface, disabling a large proportion of the active
sites.[6] Constructing metal–organic layers (MOLs) instead of
3D-MOFs possessing fully exposed active surfaces, could be
a promising strategy to enable electrocatalysis in MOFs
without abandoning structural flexibility.[7] Moreover, abun-
dant surface groups from either metal SBUs or ligands open
up the possibility of post-synthetic modifications.[8] Optimiz-
ing post-synthetic modification strategies to construct novel
and high-performance MOL composites for ECR is promis-
ing and predictable, but not well investigated yet.[9]

Herein, we synthesize a freestanding MOL with kgd
(kagome dual) lattice of monolayer thickness by a one-pot
bottom-up synthesis. The Zr6–oxo clusters as building blocks
ensure the high stability and flexibility to load active sites
through abundant surface anchoring sites. Taking Bi, a well-
known active site for CO2 reduction, as a representative,
tetragonal Bi2O3 nanowires can be uniformly dispersed on
MOLs. The structural evolution starting from atomic
modification of the Bi sites, growing to nanoscale wires, was
monitored by ex situ transmission electron microscopy
(TEM) and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM). The novel
Bi2O3/MOL showed excellent ECR performance, exhibiting
a maximum formate current density of 2.3 AmgBi

� 1 and
Faradaic efficiencies (FEs) of over 85% under a wide
voltage range from � 0.87 to � 1.17 V, compared with Bi2O3

loaded onto a 3D MOF (Bi2O3/UiO) or on the acetylene
black substrate (Bi2O3/AB). The performance maintains
over 21 h at � 0.97 V, indicating the durable catalytic
stability of Bi2O3/MOL. Furthermore, by integrating the
Bi2O3/MOL into a gas diffusion electrode, technically
relevant current densities of 300 mAcm� 2 can be reached
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keeping the Faradaic efficiencies above 80%. This post-
synthetic modification on MOLs can be extended to other
guests, underscoring the adjustability and superiority of
exploring MOL composites for high-performance electro-
catalysis.

Results and Discussion

Synthesis and Characterizations of Zr-TATB MOL

Zr6–oxo clusters are widely adopted in the construction of
MOFs, owing to their outstanding chemical stability and
high tunability.[10] We synthesized Zr-TATB MOL by a
facile solvothermal reaction of ZrOCl2·8H2O and a triden-
tate linker (4,4’,4’’-s-triazine-2,4,6-triyl-tribenzoate linker,
H3TATB), which has not yet been reported for MOL
constructions, in an acetic acid (HOAc)/N,N-dimeth-
ylformamide (DMF) mixture. According to pioneering
works of MOLs, 6-connected Zr6–oxo clusters and 3-
connected TATBs are expected to be coordinated with each
other with the assistance of capping modulators (HOAc), to
obtain a rigid 2D-kgd topology (Figure 1a, Supporting
Information, Figure S1).[11] Scanning electron microscopy
(SEM) images show a layered structure without large bulk
particles (Figure S2). The layered structure can also be
verified by the N2 adsorption test, giving a type II isotherm
plot, corresponding to non-porous materials (Figure S3).
Thermogravimetric analysis (TGA) indicates that the MOL
decomposes above 400 °C in the air (Figure S4), suggesting a

good thermal stability. Chemical stability was also demon-
strated by soaking in a common electrolyte overnight,
followed by powder X-ray diffraction (PXRD) tests (Fig-
ure S5).

In the absence of single crystals, we applied multiple
characterization techniques to determine detailed structural
information. The PXRD pattern of the Zr-TATB MOL
matches well with the simulated crystal structure with a
preferred orientation of (001) (Figure 1b, S6), ruling out
other possible 3D structures (Figure S7, S8). Proton nuclear
magnetic resonance spectroscopy (1H NMR ) of the dis-
solved Zr-TATB MOL confirmed the presence of acetate
and TATB ligand with a ratio of 2.8:1, close to the
theoretical value of 3:1 (Figure 1c, S9).[12] The ratio of Zr:
TATB as determined by TGA is 3:1 (Figure S4), which fits
well with the proposed structure. Aberration-corrected
TEM has been employed to image the lattice structure of
the MOL. The obtained TEM image, the corresponding fast
Fourier transform (FFT) pattern, and the selected area
electron diffraction (SAED) pattern confirmed the hexago-
nal symmetry of the layer, matching the 2D kgd lattice
(Figure 1d, S10, S11). By high-resolution transmission elec-
tron microscopy (HRTEM) and STEM, the Zr6-oxo clusters
appear as black dots arranged with hexagonal symmetry
(Figure 1e, S12). The distance between adjacent clusters is
1.94 nm, very close to that of the simulated MOL structure
(1.95 nm). Additionally, atomic force microscopy (AFM)
images of the Zr-TATB MOL gave an average thickness of
1.48 nm (Figure 1f, S13), compatible with the van der Waals
size of the Zr-TATB monolayer. It is somewhat thicker than

Figure 1. a) Scheme illustrating the structure of the Zr-TATB MOL with kgd topology viewed from c axis. b) PXRD patterns of the simulated
structure with/without preferred (001) orientation and as-synthesized Zr-TATB MOL. c) 1H NMR spectrum of the dissolved Zr-TATB MOL, using
d4-trimethylsilylpropanoic acid (d4-TMSP) sodium salt of known concentration as the internal standard. d) TEM and e) HRTEM images of the Zr-
TATB MOL, acquired with the total electron dose of 1.0×104 e� nm� 2 (inserted: FFT pattern). f) AFM analysis with height profiles (blue) of the Zr-
TATB MOL to determine the thickness.
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the isoreticular Zr-BTB,[11b] due to acetate being larger than
hydroxyl (Figure 1c). These data confirm the successful
direct synthesis of the Zr-TATB monolayer.

The external surface of Zr-TATB MOL is fully acces-
sible and contains abundant sites for facile post-synthetic
modifications, making it an ideal platform for designing
diverse electrocatalysts. In general, six carboxylate groups
coordinate to the Zr6–oxo cluster presenting a planar
hexagonal symmetry, while leaving six paired � OHx or
capping modulators (acetate in Zr-TATB MOL) vertically
oriented (Figure S14a). The binding of acetate as a capping
agent is flexible and can be exchanged by � OH to provide
ample anchoring sites (Figure S14b).[8a] Based on this
principle, certain reports have achieved the loading of
single-atom or ultrafine clusters on similar systems.[8] How-
ever, further steps to develop uniform nanoparticles deco-
rated MOL composites are still rarely reported, which is of
high interest for expanding the universality of MOFs for
diverse catalysis.

Synthesis and Characterizations of Bi2O3/MOL

Considering the inertness of Zr in the electro-catalytic CO2

reduction reaction, we decided to load bismuth, which is a
classic active site for formate generation, on the MOLs.[4]

Generally, Bi loading was conducted by a facile solvother-
mal reaction of MOL with Bi(NO3)3 using DMF as a solvent.
The Bi loading was 2.61 wt% as determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
(Table S1). HAADF-STEM showed the morphology and
location of the guest Bi compound. The bright nanowires

with an average diameter of 6 nm in STEM dark-field
images could be identified as a Bi compound, which was
uniformly distributed on the MOL (Figure 2a,b, S15).
Further electron energy-loss spectroscopy (EELS) maps
unambiguously corroborated the distribution of Bi and Zr
(Figure 2b), whereby Bi was mainly concentrated on the
nanowires on Zr6–oxo based MOL. A high-resolution
STEM image presented a clear lattice pattern of nanowires
(Figure 2c), indicating the good crystallinity of the guest Bi
compound. Such a modification is rather mild without
damaging the crystal structure of the MOL, verified by the
retention of diffraction peaks in PXRD patterns (Figure 2d).
A rather broad diffraction peak centered at 28° can also be
assigned to tetragonal β-Bi2O3, as the best matching (here-
after denoted as Bi2O3/MOL). The successful formation of
such tiny Bi2O3 by MOLs avoids the generally adopted
capping agents and verifies the structural advance of
constructing MOL composites.

Besides Bi2O3 nanowires, ultrafine Bi dots can also be
observed in the HAADF-STEM (Figure S15). To determine
another Bi state, a control sample (denoted as BiOx/MOL)
was synthesized at room temperature, corresponding to the
primary stage of Bi2O3/MOL synthesis with suppressed
hydrolysis/agglomeration. The PXRD pattern gave only the
diffraction from Zr-TATB MOL (Figure S16), implying the
disappearance of the crystalline Bi2O3 nanoparticles. This is
supported by high-resolution STEM images, which show
only a few heterogeneous nanoparticles (Figure S17). Fur-
ther EELS mappings confirm the presence of Bi on MOL
with even dispersion (Figure 2e). Such ultra-high dispersion
can be speculated as sub-nanometer dominated BiOx

through ion modification (Figure S14).[8a] X-ray photoelec-

Figure 2. a) HAADF-STEM overview image, b) EELS mapping and c) high-resolution STEM image of the Bi2O3/MOL. d) PXRD patterns of standard
β-Bi2O3, simulated Zr-TATB MOL with (001) preferred orientation, and as-synthesized Bi2O3/MOL. e) HAADF-STEM image with EELS mapping of
BiOx/MOL (The mapping area is marked by a red square). f) Bi 4f XPS spectra of Bi2O3/MOL and BiOx/MOL.
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tron spectra (XPS) of BiOx/MOL give an apparently higher
binding energy (159.6 eV) than Bi2O3/MOL (159.2 eV) (Fig-
ure 2f), the latter of which is dominated by crystalline Bi2O3.
The feature at higher binding energy can be ascribed to a
more oxidized Bi state, consistent with oxygen-rich non-
crystalline BiOx. Therefore, the Bi 4f signals of Bi2O3/MOL
can be fitted as two components of trivalent Bi, 76.3% β-
Bi2O3 (159.1 eV) and 23.7% BiOx (159.9 eV) (Figure 2f,
Table S2).[13]

The transformation of BiOx/MOL into Bi2O3/MOL
inspired us to investigate the mechanism of the formation of
MOL composites more thoroughly. The formation of Bi
species was followed using ex situ electron microscopy
studies by sampling at different synthesis times (Figure S18).
Bi was loaded with ultra-high dispersion and a few non-
crystalline particles formation, prior to hydrothermal treat-
ment (Figure S16, S17). This phenomenon can be ascribed
to fast ion immobilization by multiple surface anchoring
sites.[8a] The reversible coordination of Bi ions to Zr6-oxo
clusters makes further rearrangement possible, promoted by
the solvothermal treatment. Adjacent Bi sites aggregate into
clusters, serving as seeds for the subsequent growth (Fig-
ure 3). Over the total reaction time, small nanoparticles
gradually grew into nanowires on the MOL (Figure S18).
The loading gradually increased with time, reaching a
maximum after around 12 hours (Figure S19).

Evaluation of Electrocatalytic CO2 Reduction

To underline the superiority of MOL based composites, a
typical 3D-MOF (Zr6-oxo SBUs based MOF, known as
UiO-66) and acetylene black (denoted as AB), as refer-
ences, were both loaded with Bi by the same method to

obtain Bi2O3/UiO and Bi2O3/AB, respectively. From PXRD
of Bi2O3/UiO, a broad peak at around 28° indicated the
formation of β-Bi2O3 (Figure S20). The comparison of TEM
images with bare UiO-66 suggested the formation of Bi2O3

nanowires in UiO-66 (Figure S21). Based on its XPS
spectrum (Figure S18), UiO-66 is less inclined to the
formation of Bi2O3 nanowires (61.9%) than Bi2O3/MOL
(76.3%) (Figure S22, Table S2). This can be attributed to
the fact that the rearrangement of Bi ions to nanowires is
subject to steric hindrance in the inner pores (Figure S23).
When applied to the typical conductive support (AB), Bi2O3

is mainly in the form of nanoparticles (�3 nm), interspersed
with few nanowires, as characterized by PXRD, HAADF-
STEM, EELS mapping and XPS (Figure S24–S27). The
reduced percentage of Bi2O3 nanowires may be due to the
lack of dense anchoring sites, emphasizing the template
effect of MOLs.

For ECR reactions, working electrodes were prepared
by drop-casting onto carbon paper (CP) with ink containing
catalysts and AB, and tested in a typical H-type cell using
0.5 M KHCO3 as electrolyte (Scheme S1). The AB as a
conductive additive was added to increase the electrical
contact between the electrocatalyst and CP, and to prevent
the stacking of MOL composites, giving an overall activity
enhancement (Figure S28, S29). Bare Zr-TATB MOL
exhibited a much lower current response and gave only
hydrogen evolution, which is not surprising because bare
MOLs are free of active sites for ECR (Figure S30). As
revealed by linear sweep voltammetry (LSV) curves, Bi2O3/
MOL presented the largest current response under CO2 and
the most significant difference between Ar/CO2 compared
to other references (Figure 4a), implying higher activity
towards ECR. Faradaic efficiencies of the Bi2O3 based
catalysts were further investigated by chrono-amperometry
at different applied potentials. Bi2O3/MOL maintains superi-
or formate selectivities of over 85% over a wide potential
range from � 0.87 V to � 1.17 V vs. RHE (reversible hydro-

Figure 3. Scheme illustrating the post-synthetic modification strategy to
construct Bi2O3/MOL composites. Two steps are proposed: 1. Bi3+ ion
modification by multiple oxygenated groups (� OHx) on the MOL. 2.
The immobilized Bi sites were rearranged and grown into Bi2O3

nanowires.

Figure 4. a) LSV curves under Ar/CO2, b) Faradaic efficiencies and
c) current densities of ECR to formate at different potentials over
Bi2O3/MOL, Bi2O3/UiO and Bi2O3/AB. d) Durability test of Bi2O3/MOL
at � 0.97 V vs. RHE.
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gen electrode) (Figure 4b, S31). H2 and CO were the main
by-products in the absence of other carbonaceous products,
determined by gas chromatography (GC) and 1H NMR
(Figure S32, S33a). In contrast, Bi2O3/UiO and Bi2O3/AB
only gave maximum FEs of 74% and 67%, respectively.
The superior performance of Bi2O3/MOL is also reflected in
the partial current density, based on both the geometry area
and mass of Bi (Figure 4c, S33b). The long-term test at
� 0.97 V gave a good retention of current density and FE
over 21 hours (Figure 4d), indicating the stability of the
active sites. The structural and chemical stability of MOL
and nanowires could be verified by PXRD, TEM and XPS
after the reaction (Figure S34–S36, Table S2).

More comparative experiments were conducted to
understand the superior performance of Bi2O3/MOL. The
ECR tests of BiOx/MOL give an insight into the effect of
morphology and crystallinity of the Bi species (Figure S37–
S39). To eliminate the influence of the loading effect, ECR
tests with composites possessing controlled Bi loadings were
supplemented (Figure S40, S41), confirming the superior
ECR performance of Bi2O3/MOL. Further enhancement of
the current density towards industrial requirement can be
achieved by gas diffusion electrodes (GDEs), giving a
remarkable geometrical formate current density of
330 mAcm� 2 (Figure S42). To the best of our knowledge,
this is the first example to achieve an industrially relevant
ECR formate production by MOFs based materials. Overall,
Bi2O3/MOL exhibits one of the highest performances
amongst MOFs used for direct ECR, highlighting the
superiority of optimizing MOL composites (Table S3).

The superior activity by MOL composites can be
ascribed to the fully exposed surface area for guest
immobilization and electrocatalysis. Firstly, a considerable
amount of Bi sites is buried within the insulating UiO-66
and thereby prevented from contacting the current collector.
This can be verified by oxidative LSV (Bi0!Bi3+) plots that
Bi2O3/UiO presented a smaller electrochemically active area
than Bi2O3/MOL with similar Bi loading (Figure S43).
Secondly, a reduction process occurs during the ECR of
Bi2O3/MOL, which is confirmed by the XPS comparison of
samples before and after reaction (Figure S36).[4] The
stabilities of the catalysts after reaction are estimated by the
electrochemically active area of oxidative LSV plots (Fig-
ure S44). Bi2O3/UiO significantly degraded at electrochemi-
cally active sites after electrocatalysis, while Bi2O3/MOL
exhibited nearly no change. The degraded performance of
Bi2O3/UiO at more negative potentials (< � 1.0 V) may be
related to Bi agglomeration on the limited external surface
area of UiO (Figure 4b,c), leading to a loss of active sites.

Universality of Constructing MOL Composites

Using MOLs to construct active composites is not limited to
Bi but is highly universal. Implementation of other active
metals, such as In or Sn, is also possible through our facile
post-synthetic modification strategy (Figure 5a,b; Sec-
tion S5; Figure S45–S49). Additionally, the Bi speciation can
be further tailored by slight modifications, giving MOL

loaded metallic Bi or BiOCl, as desired (Figure 5c,d;
Section S6; Figure S50–S53). Diverse guest compounds can
be evenly dispersed onto Zr-TATB MOL and characterized
by TEM and PXRD. Moreover, all of them exhibit good
ECR performance towards formate (Figure 5; Table S3),
illustrating the advantages of constructing MOL composites.

Conclusion

In summary, a freestanding metal–organic layer with 2D kgd
lattice was synthesized using TATB as a single ligand. Due
to its high versatility, ultra-exposed surface area and
stability, Zr-TATB MOL was chosen as a promising support
to load a diverse array of active sites. Taking Bi2O3/MOL as
an example, the novel structure and formation pathway
were clearly revealed by electron microscopy studies, which
highlight the template effect of MOL on the construction of
composites. In contrast to 3D-MOF-based composites,
Bi2O3/MOL possesses excellent ECR activity for formate
with FEs exceeding 85% over a wide range of applied
potentials and good stability for more than 21 h. The
maximum formate current density could reach up to 2.3 A
per mg Bi in the H-type cell and unprecedented
330 mAcm� 2 using gas diffusion electrode, which is the top
performance among MOF-based catalysts achieved to date.
This work highlights the importance of exploring 2D MOLs
and constructing other MOL-based composites with active
sites optimized for CO2 reduction.
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