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Ammonia (NH;z) plays a crucial role in the production of fertilizers,
medicines, fibers, etc., which are closely relevant to the develop-
ment of human society. However, the inert and nonpolar properties
of N=N seriously hinder artificial nitrogen fixation under mild
conditions. Herein, we introduce a novel strategy to enhance the
photocatalytic efficiency of N, fixation through the directional
polarization of N, by rare earth metal atoms, which act as a local
“electron transfer bridge.” This bridge facilitates the transfer of
delocalized electrons to the distal N atom and redirects the polar-
ization of adsorbed N, molecules. Taking cerium doped BiOCl (Ce—
BiOCIl) as an example, our results reveal that the electrons transfer
to the distal N atom through the cerium atom, resulting in absorbed
nitrogen molecular polarization. Consequently, the polarized nitro-
gen molecules exhibit an easier trend for N=N cleavage and the
subsequent hydrogenation process, and exhibit a greatly enhanced
photocatalytic ammonia production rate of 46.7 pmol g~ h™! in

cerium doped BiOCl, nearly 4 times higher than that of pure BiOCL.
The original concept of directional polarization of N, presented in
this work not only deepens our understanding of the N, molecular
activation mechanism but also broadens our horizons for designing
highly efficient catalysts for N, fixation.

Nitrogen, as a kind of activated nitrogen building block, plays
an important role in agriculture (fertilizer production) and the
chemical industry. At present, the annual output of ammonia
in the world is as high as 200 million tons." The industrial
synthesis of NH; mainly relies on the traditional Haber-Bosch
process, which uses heterogeneous iron-based catalysts at high
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Photocatalytic nitrogen fixation is emerging as a promising approach to
efficiently activate the inert and nonpolar properties of N=N, enabling
the conversion of nitrogen molecules into activated products. In this
study, we propose a novel approach to enhance the polarization of
nitrogen molecules by constructing an electron transfer bridge. By
employing this new concept of directional polarization of nitrogen, we
achieved significantly enhanced photocatalytic efficiency in N, fixation,
offering immense potential to mitigate the greenhouse effect. By utilizing
the electron transfer bridge, electrons can be transferred efficiently and
directionally, which can effectively overcome the limitations posed by the
inert and nonpolar nature of nitrogen molecules. This strategy opens up
exciting opportunities for the design of advanced catalysts and contri-
butes to our broader knowledge of nitrogen activation processes.

temperatures (300-500 °C) and high pressures (150-300 atm)
under harsh reaction conditions. Statistics show that its aver-
age annual energy consumption exceeds 1-2% of the world’s
total energy consumption, accompanied by about 1.4% of
global carbon dioxide emissions each year.>™* Undoubtedly,
this has indulged the current energy crisis and environmental
pollution problems. Therefore, it is difficult, yet urgent, to seek
and develop green NH; synthesis methods. Compared with the
Haber-Bosch method, the photocatalytic N, reduction reaction
for NH; production uses solar energy as the only energy source
and uses cheap and easily available water and nitrogen as
reactants.””” However, the photocatalytic activation of N, is
extraordinarily difficult due to the weak adsorption of inert

“ Hefei National Research Center for Physical Sciences at the Microscale, Collaborative Innovation Center of Chemistry for Energy Materials (iChEM), University of Science

and Technology of China, Hefei, Anhui 230026, China

b Key laboratory of Strongy-Coupled Quantum Matter Physics, Department of Physics University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic

of China

¢ Institute of Energy, Hefei Comprehensive National Science Center, Hefei, Anhui, 230031, China
 Key Laboratory of Structure and Functional Regulation of Hybrid Materials of Ministry of Education, Institutes of Physical Science and Information Technology, Anhui

University, Hefei 230601, China

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3mh01041d

1 These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2023

Mater. Horiz., 2023,10, 5053-5059 | 5053


https://orcid.org/0000-0002-6470-6278
https://orcid.org/0000-0002-5128-7860
https://orcid.org/0000-0002-5777-9276
https://orcid.org/0000-0002-6134-6086
https://orcid.org/0000-0002-1416-5557
http://crossmark.crossref.org/dialog/?doi=10.1039/d3mh01041d&domain=pdf&date_stamp=2023-08-31
https://doi.org/10.1039/d3mh01041d
https://rsc.li/materials-horizons
https://doi.org/10.1039/d3mh01041d
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH010011

Published on 22 Agustus 2023. Downloaded on 03/11/2025 16.18.37.

Communication

i. Dissociative Pathway
941 kJ mol™! o —————— =
L

T T

otron «— (N}

gl
Catalyst Surface N,

" "
| steric /0 ” NH;
. - hindranee® |3 v 7S
i v “
HH NH | . C
3 -
N " " N/ NHy) wectron N &
2 N N N N HHH \ rioher PG o
\ ] N = ’ I
N N —+ NH —> NH, N NEEE =S
I 1 i = ~
Catalyst Surface o { L3

iii. Associative Distal Palhway

H
\I
H HHHHH
\I/
N— N-—N— N

= Catalyst Surface -

Electron transfer bridge

uoyezejod [euondda(q
&

. & o
Nitrogen polarization flip
L 4

Better activation

Scheme 1 Schematic diagram of the nitrogen activation process and our
designed directional polarization. The common nitrogen activation
mechanisms include the dissociative pathway, the alternating associative
pathway, and the distal associative pathway. The scheme points out the
existing problems in the above pathways. To circumvent these issues, after
the electron transfer bridge was formed by rare earth atoms, the electrons
are delivered through the catalyst to the distal N atom, resulting in nitrogen
molecular polarization.

dinitrogen molecules on the surface of catalysts and the high
ionization energy of nonpolar N=N covalent triple bonds
toward dissociation.

As illustrated in Scheme 1, there are two distinct mechan-
isms for nitrogen reduction to ammonia under the action of a
catalyst, namely dissociative and associative. In the dissocia-
tion mechanism, the N=N bond is destroyed before the
hydrogenation reaction, however, an extremely formidable dis-
sociation energy of 941 k] mol~' made it difficult. Besides, the
associative mechanism contains two different pathways,
namely, the alternating pathway and the distal pathway.® The
associative alternating pathway postulates that H' is alternately
attached to two N atoms. In other words, this nitrogen activa-
tion pathway involves sequential functionalization of both the
proximal nitrogen (N;,) and distal nitrogen (Ng) atoms. Unfor-
tunately, the two N atoms suffer from various obstacles. On one
hand, due to the close electron interaction between the adsorp-
tion center and the N, atom in M=N, = N4 complexes, the N,
atom usually exhibits a higher electron density.”'° Despite this,
the steric hindrance of N, and the excessively strong N
adsorbent interaction still preclude reactivity."" On the other
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hand, the distal Ng atoms cannot be activated due to the
depressed electron delivery efficiency. The above two obvious
problems put the alternating pathway in a dilemma. In the
associative distal pathway, generally, hydrogenation occurs
preferentially on the nitrogen atom farthest from the surface,
generating an equivalent of NH; and leaving an adsorbed
nitrogen atom on the catalyst surface, which is subsequently
hydrogenated to give a second equivalent of NH;. Though the
distal and flexible Ng atom provides more opportunities for
progressive H' functionalization, the lack of electrons on Ng
still constricts nitrogen activation."” Therefore, how to increase
the electron density of the N4 atom, namely, the directional
polarization of the nitrogen molecule, has become the most
effective and practical demand to enhance the activation of the
nitrogen molecule.

As a typical type of layered two-dimensional material, bis-
muth oxyhalide (BiOX) has been widely researched as a modern
nitrogen photoreduction catalyst.'> The structure is mainly
composed of the [Bi,0,]," layer in the middle and the [X]~
layer on both sides.'® The widespread surface oxygen vacancies
(OVs) behave as the N, reduction sites by the photoexcited
conduction band electrons.'® The charge delivered from the
OVs to the adsorbed N, leads to electron accumulation on the
N, atom rather than the more flexible Ng atom. Blame to above-
mentioned complications, the nitrogen photoreduction effi-
ciency of this traditional photocatalyst remains at a standstill.
Recently, owing to the abundant coupling of the metal and
ligand orbitals in the support and its changes in the d-band
center (gq) of the metal atoms, traditional transition metals,
precious metals, and rare earth metals have led to a series of
successful design of catalysts."®® Among these metal ele-
ments, the 4f electrons of rare earth elements are initially
highly delocalized compared to the valence 5d and 6s electrons,
leading to their chemical inertness, especially when stabilized
through coordination.'®?° However, the quantum nature of d-f
exchange interactions results in strong coupling between the
3d, 4f, and 5d orbitals. While the 4f energy levels in RE oxides
cause the 4f electrons to be strongly localized, hybridization
with lighter elements (e.g:, oxygen via the 2p orbital) can induce
delocalization and covalent interactions.”"** These delocalized
electrons can then be transferred to the adsorbed reaction
molecules through the “electron transfer bridge”.”® The elec-
tron transfer bridge enables rapid migration of photogenerated
electrons to active sites, preventing recombination with holes.
This efficient charge separation enhances the photocatalytic
efficiency and promotes desirable redox reactions, leading to
improved overall performance in various photocatalytic
processes.”*® These findings encourage us to dig into the
possibility of the N, molecule’s directional polarization for
more efficient activation of N=N triple bonds by the introduc-
tion of rare earth metals.

Herein, inspired by the above-mentioned advantages, con-
ceptually directional polarization of N,, which receives elec-
trons through an electron transfer bridge formed by rare earth
atoms, was first presented as an effective way to promote
photocatalytic N, fixation. Taking Ce-doped BiOCl (Ce-BiOCI)

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Structural characterization. (a) XRD patterns of BiOCl and Ce-
BiOCl. (b) High-resolution Ce 3d XPS spectra of Ce-BiOCLl. Atomic
resolution HAADF-STEM images of (c) Ce-BiOCL. (d) HRTEM image of
Ce-BiOCL. (e) AFM images and corresponding height profiles of Ce—BiOCL
(f) STEM image of Ce-BiOCl and (g)-(j) the corresponding elemental
distribution of Bi, O, Cl and Ce.

as a representative, the insights gained from the experimental
and theoretical analysis results indicate that the surface elec-
tron distribution dramatically changed to form an efficient
electron transfer bridge, which transfers electrons to the Ng atom
and results in polarization of the N=N triple bond. As a result, the
redirected polarized N, accelerates the hydrogenation process for
photocatalytic N, reduction in Ce-BiOCl nanosheets with an
ammonia production rate of 46.7 umol g~' h™", nearly 4 times
compared to pure BiOCl. This study sheds light on the rational
design of nitrogen polarization for N, photoreduction and other
important chemical transformations.

All Bragg diffraction peaks in the X-ray diffraction (XRD)
pattern (Fig. 1a) for BiOCl and Ce-BiOCl were well-indexed to
BiOCI (P4/nmm JCPDS 06-0249). No diffraction peaks of Ce were
observed in the XRD patterns of Ce-BiOCI nanosheets, which
indicated the absence of impurity phases. X-ray photoelectron
spectroscopy (XPS) analysis was used to verify the chemical
state of the samples. Two peaks located at 904.2 and 884.7 eV
were assigned to the Ce 3d3, and Ce 3ds,, signals of ce®t
respectively (Fig. 1b).””">° For BiOCI, the Bi 4f XPS spectra were
attributed to Bi 4f,,, and Bi 4fs/, of Bi**, respectively. The high-
resolution O 1s spectra (Fig. S1b, ESIT) can be indexed into two
distinctive binding energy peaks located at 529.9 and 531.8 eV,
belonging to the lattice oxygen and adsorbed oxygen on the
BiOCI surface, respectively.*® Specifically, the XPS peak repre-
senting lattice oxygen (lattice O) experienced a red shift of
0.332 eV, while the peak representing oxygen vacancy (OV)
showed a red shift of 0.243 eV. Additionally, the XPS peaks of
Bi exhibited a double peak shift of 0.353 eV. The decrease of the
binding energy of Bi 4f and O 1s demonstrated the weakening

This journal is © The Royal Society of Chemistry 2023
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of the electron screening effect due to the increased electron
density, and thus the increase of binding energy means an
increased electron density.*! It is possible that Bi atoms attract
additional electrons from neighboring Ce atoms, influencing
the charge environment around Bi and affecting the Bi-O bond
length or bond strength, consequently affecting the XPS peaks
associated with Bi-O bonds more significantly than those
associated with oxygen vacancies. In addition, the immobile
XPS peak location of Cl 2p manifests that the chemical
environment of Cl may not be disturbed by the introduction
of Ce (Fig. Sic, ESIT). Thus, the shift of the binding energy is
ascribed to the electronic interaction and charge transfer
between Ce and the [Bi,O,]" layer.

The as-prepared BiOCI samples all show sheet-like struc-
tures with horizontal sizes ranging around 500 nm and no
obvious morphology changes were observed between BiOCl and
others as shown in the transmission electron microscopy (TEM)
images in Fig. S2 and S3 (ESIf). In order to prove the existing
form of lanthanide from the atomic level, high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) more intuitively with aberration correction was used to
detect the surface of two-dimensional Ce-BiOCl nanosheets. In
the HAADF-STEM image, irregularly distributed bright spots
are located on the lattice sites, representing the combined
information of BiOCl and Ce. This combined presence of BiOCl
and Ce atoms contributes to the highest scattering intensity,
resulting in the brightest appearance in the image. (Fig. 1c).
This finding further proved that the lanthanide atoms are
loaded onto the substrate, which is consistent with the above-
mentioned XRD and XPS results. As shown in the high-
resolution transmission electron microscopy (HRTEM) image
(Fig. 1d), the observed lattice spacing of 0.275 nm has an even
distribution, corresponding to the (110) or (110) crystal plane
spacing, revealing that the dominant exposed crystal plane of
Ce-BiOCl nanosheets is the (001) crystal plane.** Due to the
difference in atomic radii, with Ce having a radius of 1.65 and
Bi having a radius of 1.46, the interplanar spacing in Ce-BiOCl
is measured at 0.275 nm, whereas in BiOCI, it is observed at
0.271 nm (Fig. S4, ESIf). The AFM characterization indicates
that the thickness of the nanosheet is about 11 nm (Fig. 1e and
Fig. S5, ESIf). Furthermore, we performed energy-dispersive
X-ray spectroscopy (EDS) mapping on Ce-BiOCl, as revealed
in Fig. 1f-j. The distribution of Bi, O, Cl, and Ce elements
corresponding to the STEM image manifests the uniform
distribution. In summary, it can be considered that Ce has
been successfully introduced to two-dimensional BiOCI
nanosheets.

To evaluate the photocatalytic nitrogen reduction perfor-
mance, the gas-liquid experiments were performed in an N,-
saturated water solution under simulated solar-light irradiation
detected by ion chromatography (IC) (Fig. S6 and S7, ESIf).
Before nitrogen reduction, the catalyst powder was dispersed in
40 mL of water and then irradiated under a 300 W Xe lamp for
5 h to eliminate any surface organic contaminants during the
catalyst preparation process. As shown in Fig. S8 (ESIT), N 1s
XPS confirmed that the surface organic contaminants were

Mater. Horiz., 2023,10, 5053-5059 | 5055
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Fig. 2 Photocatalytic activity under a 300 W xenon lamp, >N isotope
tracing results and in situ-FTIR results. (a) Photocatalytic NH4* yields of
BiOCl, Ce-BiOCl-1, Ce-BiOCl-2, Ce-BiOCl-3, Ce-BiOCl-4, and Ce—
BiOCLI-5. (b) Photocatalytic NH,* yields for 3 h under Ar and N, atmo-
spheres. (c) Cycling stability in the first three hours for the cycling stability
test of Ce—BiOCL (d) AQE of Ce—BiOCL (e) 'H NMR spectra of *°NH,* and
NH,* products after photocatalytic reactions using **N, and **N, gases
as the nitrogen source, respectively. (f) The in situ-DRIFTS of Ce—BiOCl
under illumination.

eliminated by this photocatalytic oxidation process. The pris-
tine BiOCI nanosheets obtained relatively low NH; production
rates of 11.4 pmol g~' h™". With different amounts of Ce
doping, the catalysts all exhibited better catalytic performance
compared with the pure BiOCl (Fig. 2a). Among those, Ce-
BiOCI-3 (denoted as Ce-BiOCl) exhibited an increase in the NH;
production rate of up to nearly 46.7 pmol g~" h™', 4 times
higher than that of pure BiOCl. However, we noticed that
excessive Ce doping induced a negative effect on the photo-
catalytic process, resulting in a reduced rate of N, fixation,
owing to possible agglomeration. We further carry out time-
dependent measurements with continuous light irradiation for
up to 3 h over BiOCI and Ce-BiOCl. As shown in Fig. 2b, the
detected amount of ammonia was gradually increased by
prolonging the reaction time, corroborating the photocatalytic
N, fixation to ammonia. In addition, no evident inactivation
has been detected during the cycling stability test of Ce-BiOCl
indicating excellent stability and durability (Fig. 2¢). It can be
observed that there is no obvious structure and morphology
change based on the XRD pattern and the TEM image after the
photocatalytic reaction, respectively (Fig. S9, ESIf). Moreover,
wavelength-dependent apparent quantum efficiency (AQE)
experiments, an important parameter to evaluate catalyst
photoelectric conversion performance, were performed under
monochromatic light irradiation on Ce-BiOCl. The AQE values
are about 0.39%, 0.33%, 0.20%, 0.14%, 0.06%, and 0.02% at
254, 295, 320, 380, 500, and 600 nm, respectively (Fig. 2d). We
also conducted a series of control experiments for comparison,
as shown in Table S1 (ESIf). The Ce-BiOCl samples did not
show the activity of photocatalytic NH; production when using
Ar/He as the reaction gas. To verify the exact origin of the
generated ammonia, a >N labeling experiment was carried out
and examined by 'H nuclear magnetic resonance (‘H-NMR)
spectroscopy. As shown in Fig. 2e, the doublet pattern with a
coupling constant of Jy_y; = 72 Hz corresponded to ">NH," in
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DMSO-dg. Meanwhile, when performed in a '*N, atmosphere,
the resulting spectrum manifested a nearly 1:1:1 triplet pat-
tern with a coupling constant of Jy_p 52 Hz, which
agreed with the “NH," signal.** The above results revelaed
that the synthesized NH; completely came from photocatalytic
N, reduction.

Regarding the distinction between the associative alternat-
ing pathway and associative distal pathway for N, activation,
the distinctive intermediate N,H, of the associative alternating
pathway was not detected, which indicated that nitrogen is
activated in the associative distal pathway (Fig. S10, ESI).>* In
order to further reveal the photocatalytic process of N, fixation,
in situ diffuse reflectance infrared Fourier-transform spectro-
scopy (DRIFTS) was performed (Fig. 2f). With the light irradia-
tion time prolonging, these vibration peaks grew rapidly
indicating efficient N, adsorption, activation, and conversion
processes on Ce-BiOCI. The bands at 1402 and 1354 cm ™' are
ascribed to the in-plane bending vibration of the activated O-H
bond. Notably, the bands at 1248 and 1529 cm ™' represent the
wagging vibration absorption peaks of the -NH, group. The
gradually increased peaks of 1354, 1187 and 1058 cm ™' could
be attributed to ¢(N-H) derived from intermediates and NH;
species, respectively.*> The bands at 1247, 1134 and 980 cm ™"
could be assigned to weakly adsorbed gas-phase NH; generated
through the process. Moreover, the 1308 and 1187 em™ " bands
arose from the characteristic absorption of the final product
NH,".*® These results confirmed the reaction energy diagram of
the nitrogen fixation pathway of *N, — *NNH — *NNH, —
*NNH; — *N + NH; —» *NH — *NH, — *NH; — NH;
However, the N, adsorption signals and all the vibration signals
were weakened in pure BiOCl (Fig. S11, ESIt). The measure-
ment confirmed that Ce significantly enhances the adsorption
of N, and accelerates the conversion process of N, to NH;.

To deeply understand the relaxation processes of photogen-
erated carriers, femtosecond time-resolved transient absorp-
tion (fs-TA) spectroscopy using a pump-probe configuration
was employed, which is a powerful tool for tracking the photo-
generated carrier relaxation process. In TA measurements, a
short, usually femtosecond (fs), duration optical pulse (the
pump) excites the sample and, after a temporal delay, a less
powerful short pulse (the probe) is used to monitor the excited
population of charge carriers. In photocatalytic systems, photo-
generated charge carriers (electron-hole pairs) are created
upon light absorption. These charge carriers can either be
effectively separated and utilized for desired reactions, or they
may recombine, leading to a loss of photocatalytic efficiency.®”
The use of a 320 nm pump was enough to promote the
electrons from the valence band to the conduction band, and
a time delayed broadband white light in the wavelength range
of 450-770 nm was used for probing. As shown in Fig. 3a and b,
the fs-TA spectral profiles of the two samples manifested
similar broad photo-induced bleaching signals (negative value),
further verifying that the introduction of Ce®" had limited
influence on the crystal structure of BiOCl. Remarkably, how-
ever, the signal minimum of Ce-BiOCl was about twice that of
BiOCl, suggesting that Ce®" could open a new electron transfer

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Photogenerated carrier dynamics tracked by fs-TA spectroscopy.
Pseudocolor fs-TA spectra of (a) BiOCl and (b) Ce-BiOCLl. Representative
fs-TA kinetic traces (probe in the wavelength range of 655-705 nm) and
the bi-exponential global fitting results of (c) BIOCl and (d) Ce-BiOCL.

channel that leads to the rapid transfer of photogenerated
electrons and hence effective spatial charge separation. In
order to glean information about the carrier lifetime of interest,
we analyzed the fs-TA kinetics through a bi-exponential global
fitting in a representative probing region of 655-705 nm, as
shown in Fig. 3c and d. In photocatalytic nitrogen fixation, the
hundred-picosecond-scale lifetime observed in our Ce-BiOCl
system is likely due to charge recombination.*®*° Charge
recombination refers to the process where photogenerated
electron-hole pairs recombine before participating in desired
photocatalytic reactions. This recombination pathway com-
petes with the desired charge separation and utilization for
nitrogen fixation reactions, leading to a loss of photocatalytic
efficiency.’>*" Apparently, the average carrier lifetime of Ce-
BiOCl (i.e., 262 £ 4 ps) was prolonged by ~43% relative to that
of BiOCl (i.e., 183 £ 6 ps), indicating that the photogenerated
carriers in the Ce-BiOCI case are prone to participating in the
photocatalytic reaction due to the slowing down of charge
recombination therein. Moreover, as shown in Fig. S12a (ESIt),
the transient photocurrent response of Ce-BiOCl was signifi-
cantly enhanced compared to that of pure BiOCl, indicating
that the Ce-BiOCl sample has an enhanced photo-induced
charge transfer capability. As presented in Fig. S12b (ESIt),
the EIS results reveal that the arc radius of Nyquist plots for the
Ce-BiOCl sample is smaller than that for BiOCl in Na,SO,
solution. The BiOCl samples showed an absorption edge of
about 390 nm, which is the inherent absorption characteristic
of BiOCIl materials.

In order to analyze the adsorption form and adsorption
capacity of N, molecules on the surface of Ce-doped BiOCI,
we conducted the N, temperature programmed desorption
(N,-TPD) test. The desorption peaks at 363.0 and 556.7 °C were
attributed to the physical and chemical adsorption of N, on Ce-
BiOCl, respectively. The desorption temperature of BiOCI are

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Raman spectra of as-prepared different samples. (b) Quasi-
in situ XANES spectra of the N K-edge of BiOCl and Ce-BiOCl after N,
treatment. Theoretical simulation results of the charge density difference.
Bader charge analysis of (c) BIOCl and (d) Ce-BiOCl, where the yellow and
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361.0 °C and 547.9 °C (Fig. S13, ESIY). This indicates that the
binding strength of N, with Ce-BiOCl is stronger than that with
BiOCl, manifesting that Ce-BiOCl can facilitate N, adsorption.
Raman spectroscopy can provide information about the polar-
izability of gas molecules, which can be related to their polarity.
As shown in Fig. 4a, the band observed at 2330 cm ™' in Raman
spectra was assigned to the Q-branch of the vibration-rotation
band of gaseous N,, while no signal was detected when the gas
was changed to Ar.*> A slight shift in the Raman peak position
of N, was observed on the surface of both BiOCl and Ce-BiOCl
compared to pure N,, which can be attributed to the polariza-
tion change of nitrogen molecules.*® To further clarify the
promotion effect of Ce-BiOCl on N, activation, quasi-in situ
XANES spectra of the N K-edge were performed.

As shown in Fig. 4b, the peaks in the 399-408 eV range were
identified as multi-electron excitations related to the notable
N 1s — =©* transition, while the peak at approximately 414 eV
was referred to as ¢* shaped resonance.**** The energy posi-
tion and intensity of ¢* resonance are highly sensitive to the
internuclear distance or bond length, which means that a
longer bond length would lead to a lower position and higher
intensity of ¢* resonance for first-row diatomics.***” The ¢*
resonance of adsorbed N, for Ce-BiOCI demonstrated a distinct
shift in position and increased intensity compared to that of
BiOCl, indicating that the N=N triple bond is unevenly
stretched and effectively polarized over Ce-BiOCI.

In order to obtain insights into the origin of the improve-
ment of ammonia production, we conducted first-principles
calculations using the generalized gradient approximation of
DFT using VASP. The cleavage of the N=N bond is the rate-
determining key to the N, fixation reaction.*® According to the
Bader charge in Fig. 4c and d, after the generation of an OV on
the (001) surface, the electrons are mainly localized on the two
nearest Bi atoms and are transferred to the end-on adsorbed N,
after its adsorption.*® Notably, the introduction of Ce broke its
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nearby charge symmetry, and the two vicinal Bi,/Bi, charge
ratios surrounding the OV changed from 13.27/13.26 to 13.20/
14.17. Upon N, access, the charge on two N atoms had been
redistributed. In other words, the distal N3 atom could be
particularly electron richer than the proximal N, atom. The
charge ratio of Ng/N, changed from 5.09/5.26 to 5.35/5.17
(Table S2, ESIt). After the N, adsorption obstacle was con-
quered, there were two main rate-determining steps in the
process, the first H adsorption onto the N, molecule and the
desorption of the product NH;. Since the distal N atom is less
sterically encumbered, the electron crossover on the two N
atoms will effectively promote the first hydrogenation on the
distal N and the product desorption.”® Consequently, the
calculated N, adsorption energy (E.qs) is 0.206 eV in BiOCl,
and in sharp contrast, the E,q5 value significantly decreased to
—0.05 eV (Fig. S14, ESIT). Thus, we believe that Ce is anchored
by BiOCl which not only can result in a change in the density of
the surrounding electron cloud but also can better help to
absorb N, molecules.

Conclusions

In summary, we propose a novel strategy to redirect the
polarization of adsorbed N, molecules through the “electron
transfer bridge” of rare earth atoms for optimization of photo-
catalytic N, fixation. Our experimental and theoretical analysis
results demonstrate that the rare earth atom can construct an
electron transfer pathway, leading to fast charge carrier transfer
and an increase in electron density for the Nd atom, ultimately
causing the polarization of N, molecules. As a result, the less
sterically encumbered Ny with engorged electrons can better
engage in the subsequent hydrogen activation process. Taking
Ce-BiOCl as an example, our results show that the Ce-BiOCl
nanosheet displays significantly enhanced photocatalytic N,
reduction performance with an ammonia production rate of
46.7 umol g~' h™', nearly 4 times higher than that of pure
BiOCl. Given the unique electron configurations and various
types of rare earth metal elements, it is reasonable to expect
that more efficient nitrogen fixation catalysts can be developed
by introducing rare earth elements with different electron
delivery capabilities. The findings of this study not only offer
a highly efficient catalytic system for nitrogen photofixation but
also provide valuable insights into the activation of inert
molecular polarization.
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