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In order to protect the environment and economize energy, a nitrogen-fixing photocatalyst, VMCeact, is
investigated in this work. This catalyst is prepared from a natural mineral, vermiculite, and modified by
Ce-based metal-organic framework, Ce-Ui0-66. Vermiculite was treated with formic acid; thus, Ce-UiO-
66 particles grew in-situ on vermiculite; then, Ce-UiO-66 particles were activated by ultraviolet irradi-
ation. The vermiculite absorbed visible light with a narrow band gap, and transferred photogenerated

Keywords: electrons to the active sites on Ce-UiO-66. Moreover, the lamella structure of vermiculite protected Ce-
Metal-organic frameworks UiO-66 during photocatalytic process. Therefore, with only 45.92 wt% of Ce-UiO-66, the nitrogen fixation
Vermiculite performance of VMCeact was 2.29 times that of pure activated Ce-UiO-66 particles under 455 nm light
Nitrogen fixation irradiation (apparent quantum efficiency of 4.49%), and retained at least 96.05% performance after 7 x
Y(i;:]blc'zslight 24 h of photocatalytic reaction. This cost-reduced, efficient and stable photocatalyst has the opportunity

to facilitate environmentally friendly ammonia production.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ammonia is an important industrial material and the primary
raw material for nitrogen fertilizers. Therefore, artificial ammonia
is in high demand around the whole world. Ammonia is produced
by the Haber-Bosch process, which synthesizes nitrogen and hy-
drogen into ammonia with thermal catalysts [1,2]. However, the
Haber-Bosch process suffers from high energy requirements (300-
500 °C, 15-30 MPa), and its efficiency is limited to 10%—15%. Nowa-
days, approximately 1.4% of global energy is consumed for nitrogen
fixation [3-5]. Thereby, it is necessary to develop sustainable nitro-
gen fixation processes, including the photocatalytic nitrogen fixa-
tion process, which converts N, and H,0 to NH3 under light irra-
diation [6-10]. The application of photocatalytic nitrogen fixation is
currently disadvantaged by its insufficient efficiency and expensive
raw materials. Therefore, effective and inexpensive photocatalysts
are aimed in the study of nitrogen fixation. In this investigation,
a cost-effective natural material, vermiculite, was modified to ad-
dress these issues.

Many modified materials have shown the advantages of photo-
catalytic nitrogen fixation, such as TiO,, Fe,03, and C3N4 [9-15].
Among them, the MOFs (metal-organic frameworks) photocatalysts
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take advantages of porous structure, adjustable metal centers and
organic ligands, and high crystallinity [16-22]. Ce-based MOF, Ce-
UiO-66, takes the advantages of forming nitrogen fixation active
sites under ultraviolet light irradiation in the previous research of
our group [23]. Moreover, Ce-UiO-66 has disadvantages such as
low visible-light absorption, high cost, and poor stability, which
could potentially be improved by loading it with vermiculite (VMT)
in this investigation.

Vermiculite is a porous, inexpensive, nontoxic, lightweight, and
obtainable natural mineral [14,24], even may be widespread on
Mars [25]. And vermiculite is a monoclinic crystal, and the chem-
ical formula is (Mg, Fe, Al)3[(Si, Al)4019(OH);]-4H,0. As a layered
silicate mineral, the unit layer of vermiculite is composed of tetra-
hedral and octahedral elements in a 2:1 ratio, with a thickness of
approximately 1nm. Due to its unique layered structure, expand-
ability, and high adsorption capacity, vermiculite shows great po-
tential as a photocatalyst material for degrading organic pollutants
(including Rhodamine B, methylene, brilliant orang X-GN, tetra-
cycline, and phenol) [24,26-29] and hydrogen production [30,31].
Herein, vermiculite is used in nitrogen fixation photocatalyst for
the first time.

A nitrogen fixation photocatalyst VMCeact is reported in this
paper, which was prepared by loading ultraviolet-activated Ce-UiO-
66 particles on formic acid-treated vermiculite. Vermiculite has a
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Fig. 1. (a) XRD pattern of VMT-COOH, VMCeMOF, and VMCeact. (b) FT-IR pattern of
VMT-COOH, VMCeMOF, and VMCeact.

narrow band gap that allows it to absorb visible light. Thus, photo-
generated electrons are transferred from vermiculite to active sites
on Ce-UiO-66 particles for nitrogen fixation. Furthermore, vermi-
culite provides protection to Ce-UiO-66 particles [32,33] due to its
layered structure. Ce-UiO-66 particles were grown on the surface
of vermiculite in order to taking advantage of active sites from
Ce-Ui0-66, and the layered vermiculite is able to avoid collision
and friction of MOFs particles. Consequently, VMCeact exhibited
remarkable and stable nitrogen fixation performance under visible
light irradiation, and the cost of photocatalyst was significantly re-
duced.

The crystal structures of VMT-COOH, VMCeMOF, and VMCe-
act were characterized by X-ray diffraction (XRD) and the re-
sults are shown in Fig. 1a. The pretreated vermiculite VMT-COOH
showed four main characteristic peaks at 8.42°, 19.37°, 26.49°, and
34.23° The characteristic peaks at 8.42° and 26.49° represented the
(002) and (006) crystal planes of vermiculite (PDF #74-1732 and
PDF #00-050-0459), which are layer planes of dehydrated vermi-
culite [34]. These peaks proved that VMT-COOH remained a lay-
ered structure and the relatively large FWHMs (full width at half
maxima) of these peaks indicated that the distances between lay-
ers were not uniform. The other two characteristic peaks were
from the silicate crystals of vermiculite. After the in-situ growth
of Ce-Ui0-66 particles, VMCeMOF showed characteristic peaks of
the Ce-UiO-66 structure, including the two main peaks at 7.13°
and 8.23° (Fig. S1 in Supporting information). The small FWHMs
of these characteristic peaks proved the high crystallinity of Ce-
Ui0-66 particles. The (002) and (006) crystal planes of vermiculite
were detected in the XRD spectra of VMCeMOF, which indicated
the layered structure of vermiculite was maintained after Ce-UiO-
66-loading. After ultraviolet activation, VMCeact exhibited a new
characteristic peak at 9.15° and weaker peaks at 7.13° and 8.23°.
This phenomenon proved the successful activation of Ce-UiO-66
particles, that is, the breakage of benzene-C bonds and the for-
mation of active sites for nitrogen fixation [23]. Moreover, these
peaks of (002) and (006) crystal planes of vermiculite also de-
creased in the XRD spectra of VMCeact, while the result of FT-IR
(Fourier transform infrared measurements) (Fig. 1b and Fig. S2 in
Supporting information) confirmed that vermiculite was still the
main component of VMCeact. Thus, the result of XRD was inter-
preted as Ce-UiO-66 particles were not sandwiched between the
layers of vermiculite, which avoided the underutilization of active
sites on Ce-UiO-66 particles.

The structure of VMT-COOH, VMCeMOF, and VMCeact were also
characterized by FT-IR and the results are shown in Fig. 1b. The
peaks in the region of 3500-3000 cm~! represented the stretch-
ing vibrations of O-H and C-H. The peak of VMT-COOH in this
region was relatively wide due to the loading of carboxyl groups
after pretreatment, The peaks of VMCeMOF and VMCeact in this
region narrowed and red-shifted, indicating the decrease of car-
boxyl groups and the crystallization of Ce-UiO-66. All these sam-
ples showed a strong peak at 1000 cm~!, which represented the
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Table 1

The contents of metal elements in VMT-COOH.
Element Si Fe Al Mg K
Weight (%) 8.22 8.67 3.96 4.80 3.02
Atomic (%) 5.64 2.99 2.83 3.80 1.49
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Fig. 2. (a) XPS Fe 2p;), spectra of VMT-COOH, VMCeMOF, and VMCeact. (b) XPS Ce
3d spectra of VMCeMOF and VMCeact.

bonds of -Si-O-Si- in the vermiculite structure. Therefore, vermi-
culite was proved to be the main component of VMCeMOF and
VMCeact. The other main peaks were the bending vibration peak
of -CH; at 1380 cm™, the stretching vibration peak group of ben-
zene rings at 1620-1450 cm~!, and the stretching vibration peak of
-C=C- at 1653 cm~!. VMCeMOF and VMCeact both showed strong
-CH3 peaks, which belonged to ligands in Ce-Ui0-66 (H,BDC) [35].
Compared to VMCeMOF, VMCeact showed stronger stretching vi-
bration peaks of benzene rings, while its stretching vibration peak
of -C=C- decreased. This phenomenon proved the breakages of
benzene-C bonds on Ce-UiO-66 particles due to the vibration of
benzene rings and -C=C- bonds were changed after ultraviolet ac-
tivation. Furthermore, the out-of-plane bending vibration peak of
C-H at 1000-650 cm~! remained after ultraviolet activation, indi-
cating that the substitution of benzene rings did not change and
the active sites were formed in the ligands of Ce-UiO-66 particles.

The mass ratio of vermiculite was analyzed by EDX (Energy Dis-
persive X-ray) and the result is shown in Table 1. The contents of
Si, Al and Fe in VMT-COOH were higher than that of Mg and K.
According to the narrow band gap of VMT-COOH, the crystal struc-
ture of iron oxide with a narrow band gap in vermiculite was con-
sidered to be the source of its semiconductor characteristic.

The electronic states of Fe and Ce were characterized by X-
ray photoelectron spectroscopy (XPS) and the XPS Fe 2ps, spec-
tra is shown in Fig. 2a. Three peaks were detected in VMT-COOH,
VMCeMOF and VMCeact, including peaks of Fe3* at 711.6eV and
725.3 eV, and the satellite peak of Fe3t at 718.4eV [36-38]. This re-
sult indicated that Fe atoms in the vermiculite were trivalent, and
the valence state of Fe was not altered by in-situ growth or ul-
traviolet activation. Moreover, the area of Fe3* satellite peak rela-
tively increased after in-situ growth and ultraviolet activation (spe-
cific peak areas are shown in Table S1 in Supporting information).
Since the valence state of Fe was not altered, the reason for the
change in peak areas were considered to be signal reception of
XPS. The signal reception of Fe 2p3, with high spin was affected
by the ligands of iron oxide with electronegativity. In this investi-
gation, Ce-Ui0-66 particles with electronegativity were loaded on
VMT-COOH; hence, VMCeMOF showed a relatively stronger satel-
lite peak. After ultraviolet activation, electron-rich active sites were
formed on Ce-UiO-66 particles and the electronegativity of Ce-UiO-
66 particles increased, thus the satellite peak area of VMCeact was
further increased. The changes of electronegativity proved that the
trend of electron transfer was from vermiculite to Ce-UiO-66 parti-
cles. The XPS Ce 3d spectra (Fig. 2b) indicated that the peak areas
of Ce3+ decreased relatively (specific peak areas are shown in Table
S2 in Supporting information, and XPS Si 2p spectra and XPS Al 2p
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Fig. 3. SEM images of (a) VMT-COOH, (b) VMCeMOF, and (c) VMCeact. (d) TEM
image, (e) TEM-mapping images, (f) SAED image, (g) HR-TEM image of VMCeact.

spectra are shown in Fig. S3 in Supporting information). This result
proved that no oxygen vacancies were formed on the surface of
Ce-Ui0-66 particles after ultraviolet activation. In the characteriza-
tion of EPR (Electron paramagnetic resonance) (Fig. S4 in Support-
ing information), no peaks of oxygen vacancies were received near
g = 2.00. According to these results, oxygen vacancies on cerium
clusters of Ce-UiO-66 particles or iron oxide of vermiculite were
excluded to be active site in this investigation.

The morphologies of VMT-COOH, VMCeMOF, and VMCeact were
characterized by scanning electron microscope (SEM), transmission
electron microscope (TEM) and high resolution TEM (HR-TEM), and
the images are shown in Fig. 3. The pretreated vermiculite VMT-
COOH exhibited layered morphology with a diameter of 1-10um
in Fig. 3a. Octahedral Ce-UiO-66 particles were grown in-situ on
the surface of VMT-COOH in Fig. 3b. After ultraviolet activation, Ce-
Ui0-66 particles exhibited the activated morphology and were sta-
bly loaded on the surface of VMCeact in Fig. 3c. Furthermore, two
shades of colors were observed in the TEM image of VMCeact (Fig.
3d), including the layer structure with more electron beam pene-
tration and the particle structure with less electron beam penetra-
tion. The element distribution of VMCeact was analyzed by TEM-
mapping [39,40] and the result is shown in Fig. 3e. The layer struc-
ture was uniformly distributed with Fe, Si, Al, Mg, K, and O, which
was consistent with the characteristics of vermiculite. The parti-
cle structure was distributed with Ce element, which was consis-
tent with Ce-UiO-66. Then the structural composition of VMCeact
was further confirmed by selected area electron diffraction (SAED).
Some circles formed with multiple bright spots were shown in the
SAED image (Fig. 3f). These circles represented the (110), (006),
(116), and (330) crystal planes of vermiculite, respectively, and the
calculated data are shown in Table S3 (Supporting information).
Moreover, these bright spots did not form uniform circles, which
implied the crystal of vermiculite in VMCeact was oriented. This
phenomenon was consistent with the natural layered structure of
vermiculite. Two different lattice planes were exhibited in the HR-
TEM image (Fig. 3g). The lattice plane at the edge of VMCeact was
3.36 A, corresponding to the (006) crystal plane of vermiculite. The
lattice plane was displayed to 412 A ~ 3.14A on the inner of VM-
Ceact, corresponding to the (511) crystal plane of Ce-UiO-66 and
the (111) crystal plane of CeO, clusters. The results of SEM and
TEM demonstrated that the morphology of VMCeact was layered
vermiculite with Ce-UiO-66 particles loading on the surface.

The absorption performances of samples were characterized by
UV-vis (Ultraviolet and Visible Spectrophotometry), as shown in
Fig. 4a. VMT-COOH exhibited strong visible light absorption, re-
sulting in a brownish black color. VMCeMOF showed stronger UV
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Fig. 4. (a) UV-vis spectra and images of VMT-COOH, VMCeMOF, and VMCeact. (b)
TGA curves of VMT-COOH, VMCeMOF, and VMCeact.

absorption and weaker visible light absorption, resulting in a light-
yellow color, due to the Ce-Ui0-66 particles were uniformly loaded
on the surface of vermiculite (Fig. 3) and Ce-UiO-66 only ab-
sorbed light with a wavelength below 400nm (Fig. S5 in Sup-
porting information). After ultraviolet activation, the visible light
absorption of Ce-UiO-66 increased and the electron exchange be-
tween vermiculite and Ce-UiO-66 particles increased (XPS Fe), thus
the visible light absorption of VMCeact enhanced and exhibited a
brownish-gray color. According to the result of TGA (Thermogravi-
metric Analysis) in Fig. 4b, the mass ratios of Ce-Ui0-66 in VMCe-
MOF and VMCeact were 68.76 wt% and 45.92 wt%, respectively.
The cycling ammonia generations of VMCeact under the irradi-
ation of ultraviolet light or visible light were tested in the perfor-
mance experiments, and the results are shown in Fig. 5a. The am-
monia generation of VMCeact under ultraviolet light was tested by
an LED lamp with a wavelength of 365 nm, and the light intensity
received by the reactor was 3.5mW/cm?2. The ammonia generation
of VMCeact under visible light was tested by an LED lamp with a
wavelength of 455 nm, and the light intensity received by the reac-
tor was also 3.5 mW/cm?. In the first 24 h reaction, VMCeact gener-
ated 2.28 mmol/L ammonia under UV irradiation, and 1.86 mmol/L
ammonia under visible light irradiation. VMCeact showed excel-
lent stability after 7 x 24 h photocatalytic reaction. VMCeact main-
tained 96.05% of photocatalytic performance under UV irradiation
and 97.45% of photocatalytic performance under visible light irradi-
ation, while pure Ce-UiO-66 particles were completely inactivated
(the cycling performance of activated Ce-UiO-66 particles is shown
in Fig. S6 (Supporting information), and the ammonia concentra-
tions were also tested by chromogenic method (Fig. S7 in Support-
ing information). The result indicated that loading on vermiculite
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controlled the activation of Ce-UiO-66 particles and the layered
structure of vermiculite avoided the mechanical damage of Ce-UiO-
66 particles during the reaction.

In order to discuss the source of ammonia, a 1N, atmosphere,
a "N, atmosphere, and an Ar atmosphere were utilized in the
photocatalytic reaction, respectively. The 'H spectra of the prod-
uct liquid were obtained by NMR. The peaks of a triplet state with
J(N-H) = 52Hz should be observed in the 'H spectra if the prod-
uct were “NH,*; the peaks of a double state with J(N-H) = 73 Hz
should be observed in the 'H spectra if the product were >NH,4 ™.
As a result, in Fig. 5b, VMCeact produced “NH,* in the N, at-
mosphere (ordinary nitrogen) and produced >NH,* in the >N, at-
mosphere (isotopic labeled nitrogen). The “NH4* or > NH,* were
not produced in the Ar atmosphere. Therefore, the nitrogen in wa-
ter was proved to be the source of ammonia in the photocatalytic
nitrogen fixation of VMCeact.

The performance of VMCeact under ultraviolet or visible light
irradiation was systematically reflected by the AQE (apparent
quantum efficiency) of photocatalytic nitrogen fixation, as shown
in Fig. 5c. VMCeact showed an AQE of 6.87% under 365 nm light
irradiation, which was similar to the AQE of pure activated Ce-
Ui0-66 (ultraviolet activated pure Ce-UiO-66 particles). Meanwhile,
VMCeact showed the AQE of 4.49%, while the AQE of pure acti-
vated Ce-UiO-66 was only 1.96%. Under the irradiation of visible
light, VMCeact exhibited significantly higher AQE than pure acti-
vated Ce-UiO-66 (2.29 times), which was consistent with the ab-
sorption of these samples. The result of AQE proved that the photo-
catalytic performance of Ce-UiO-66 was improved by loading onto
vermiculite with only 45.92 wt% of Ce-MOF material.

The advantages of VMCeact were discussed by band structure
and electron transfer. The optical band gaps of samples were cal-
culated from UV-vis spectra and Tauc plots and the result is shown
in Fig. 6a. VMT-COOH showed a very narrow band gap of 0.74eV,
while Ce-UiO-66 loaded VMCeMOF showed a wider gap of 2.27 eV
due to the band gap of Ce-UiO-66 particles have a 2.57eV band
gap (Fig. S8 in Supporting information). Ultraviolet activated VM-
Ceact showed the optical band gap of 1.81 eV because the band gap
of Ce-UiO-66 particles narrowed after activation (Fig. S8).

The Mott-Schottky equation was utilized to measure samples in
order to further explore the band structure of VMCeact. The flat
band potentials of samples were exhibited in Figs. 6b-d, which are
the positions where the extension of straight part in Mott-Schottky
curve intersected on the X-axis. The flat band potentials reflected
the conduction band (CB) positions of VMT-COOH, VMCeMOF and
VMCeact, since both vermiculite and Ce-UiO-66 are n-type semi-
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conductors (their total slopes of Mott-Schottky curve were posi-
tive), and the CB of Ce-UiO-66 and activated Ce-UiO-66 are shown
in Fig. S9 (Supporting information). The CB of VMT-COOH was lo-
cated at —1.94 eV The CB of VMCeMOF and VMCeact are both lo-
cated at —1.51 eV, while the CB of Ce-Ui0-66 and activated Ce-UiO-
66 are 2.55eV and 2.30eV respectively.

The transfer of CB positions proves that band bending appears
between vermiculite and Ce-UiO-66. Thus, the band structure of
VMCeact was simulated based on the characterizations above, as
shown in Fig. 7a. And the change of the band structure during
the preparation process is shown in Fig. S10 (Supporting infor-
mation). The valence bands (VB) of vermiculite were obtained by
the formula: VB=optical band gap - CB, and the VB of Ce-UiO-
66 particles were characterized by XPS-VBM (Fig. S11 in Support-
ing information), due to a defect band formed in Ce-UiO-66 after
UV-irradiation. The activated Ce-UiO-66 formed a defect band af-
ter UV-activation due to the breakage of benzene-C bonds, which
narrowed the optical band gaps of activated Ce-UiO-66 and VM-
Ceact. According to the results of CB characterization, the CB posi-
tion of VMCeact was lower than that of activated Ce-UiO-66, which
demonstrated that the CB band of Ce-UiO-66 particles in VMCe-
act bended upward. The result proved that photogenerated elec-
trons transferred from vermiculite to Ce-UiO-66 particles, which
was also consistent with the increase of peak area at 718.4eV in
Fig. 1c (XPS Fe 2p3p,). Therefore, vermiculite absorbs visible light
with a narrow band gap, and then transfers photogenerated elec-
trons to Ce-UiO-66. The unique band structure increased the gen-
eration and utilization efficiency of electrons during the photocat-
alytic reaction, which took advantage in the nitrogen fixation per-
formance, as shown in Fig. 5. Furthermore, the generation and uti-
lization efficiency of electrons was characterized by the following
experiments.

The activation process and electron transfer of VMCeact were
analyzed by in-situ photocurrent measure under the irradiation of
a Xe lamp (full wavelength) [41], and the result is shown in Fig. 7b.
VMT-COOH showed stable photocurrent intensity of 1.06 x 10~7 A.
The photocurrent intensity of VMCeMOF increased with the light
irradiation, that proved activation increased the photogenerated
electrons of VMCeMOF. After 45 min of light irradiation, the pho-
tocurrent intensity stabilized, that is, VMCeMOF was activated into
VMCeact. The photocurrent intensity of VMCeact was 5.26 x 10~7
A, which was five times of that of vermiculite and similar to that
of equal Ce-UiO-66 particles (Ce-UiO-66 was activated by 30 min
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light irradiation in Fig. S12 (Supporting information), of activated
Ce-Ui0-66 in VMCeact). Therefore, the photocatalytic performance
of VMCeact was increased according to the photogenerated elec-
trons of VMCeact were increased by Ce-UiO-66-loading.

The electron-hole recombination of VMCeact was analyzed by
FL (Fluorescence emission measurement) and LSCM (Laser Scan-
ning Confocal Microscopy), and the result is shown in Fig. 7c. FL
was characterized under the excitation light with a wavelength
of 420nm. VMCeMOF showed the highest fluorescence intensity,
while VMT-COOH and VMCeact showed lower fluorescence inten-
sities. The low FL intensity of VMT-COOH was due to its lower
number of photogenerated electrons from vermiculite. The FL in-
tensity of VMCeact was lower than that of VMCeMOF due to more
effective electron transfer and increased electrons consumption in
nitrogen fixation. The effective electron transfer of VMCeact was
proved by the characterization of XPS (Fig. 2a), band structure
(Fig. 7a), and photocurrent (Fig. 7b). Moreover, active sites for ni-
trogen fixation were formed by activation on Ce-UiO-66 particles,
that increased the consumption of election by reducing nitrogen
molecules [15]. The recombination of electrons and holes was in-
tuitively analyzed by the LSCM images in Fig. 7c and Fig. S13 (Sup-
porting information). The VMT-COOH particles exhibited textured
fluorescence under the irradiation of 420 nm x 2 (two-photon with
the penetration depth of 1mm), while fluorescence was not de-
tected on the Ce-UiO-66 loaded position of the VMCeact particle.
The recombination of electrons and holes generate fluorescence,
thus, the distribution of fluorescence in LSCM images character-
ize the position of electro-hole recombination [42,43]. The result
of LSCM further proved that the recombination of electrons and
holes was decreased by Ce-UiO-66-loading.

The oxidation reaction of VMCeact during photocatalytic nitro-
gen fixation was analyzed by free radical characterization of EPR,
and the result is shown in Fig. 7d and Fig. S14 (Supporting infor-
mation). The peaks of hydroxyl radicals ("OH) and carbon center
radicals (‘R) were detected in the EPR spectra of VMT-COOH. ‘R
was generated from the carboxyl groups on VMT-COOH [44,45],
and ‘OH was generated by oxidizing H,O from the structure of
Fe,03 in vermiculite [46]. Moreover, only peaks of ‘OH were distin-
guished in the EPR spectra of VMCeMOF and VMCeact. The disap-
pearance of ‘R demonstrated that none carboxyl groups remained
on VMCeMOF or VMCeact, and ‘OH was generated by oxidizing
H,O0. Furthermore, the peak intensity of VMCeact was higher than
that of VMCeMOF. This result proved that the advantageous elec-
tron transfers of VMCeact not only improved the performance of
nitrogen fixation on its CB, but also oxidized more H,0 on its
VB, thus VMCeact generated more NHj in the performance exper-
iments. In summary, according to the high visible light absorption
and advantageous photogenerated electron transfers, low-cost VM-
Ceact exhibited a remarkable photocatalytic performance for nitro-
gen fixation under visible light irradiation.

To summarize, a nitrogen fixation photocatalyst, VMCeact, was
investigated in this work, which was prepared by in-situ grow-
ing Ce-Ui0-66 on the formic acid-treated vermiculite. The layered
structure of vermiculite significantly improved the stability of VM-
Ceact and maintained a minimum of 96.05% performance after
7 x 24h of photocatalytic reaction, while pure Ce-UiO-66 particles
were completely inactivated. Moreover, vermiculite showed the ad-
vantages of visible light absorption and photogenerated electron
transfer. Hence, VMCeact exhibited outstanding AQE of 4.49% un-
der the irradiation of visible light (455nm) with only 45.92 wt%
of Ce-UiO-66, which was 1.29 times higher than the AQE of pure
activated Ce-UiO-66. Therefore, VMCeact, derived from low-cost
natural mineral, exhibited remarkable photocatalytic nitrogen fixa-
tion performance and high stability under the irradiation of visible
light.
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