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ABSTRACT: The utilization of photocatalytic nitrogen fixation, a process celebrated
for its environmental friendliness and sustainability, has emerged as a promising avenue
for ammonia synthesis. The rational design of photocatalysts containing single atoms
and heterojunctions has been a long-standing challenge for achieving efficient nitrogen
fixation. This study innovatively constructs composite catalysts integrating single-atom
copper within metal-organic frameworks (Fe-MOF, NH2-MIL-101) and carbon nitride
nanosheet (CNNS). The nitrogen fixation efficiency of the Cu@MIL-CNNS heterojunction
was 8 and 12 times those of the original MOF and CNNSs, respectively. Through detailed
characterization, we unveil a unique charge transfer pathway facilitated by the synergy
between single-atom copper and heterojunctions, highlighting the critical function of
copper centers as potent active sites. Our findings underscore the transformative
potential of single atomic sites in amplifying charge transfer efficiency, propelling
advancements in the photocatalyst design.

KEYWORDS: single atom copper; photocatalytic nitrogen fixation; metal-organic
framework; carbon nitride nanosheet
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1 Introduction

Ammonia (NHs3), as one of the indispensable chemicals,
has been widely used in agriculture and industry [1]. In
recent years, NH3 has been used as an important source of
fertilizers to secure food supplies and as a renewable
transportation fuel, in addition to being an energy carrier
and a sustainable fuel to achieve a global clean energy
Haber—Bosch
process used for the industrial scale production of NHj

transition. However, the conventional
has harsh reaction conditions that consume 1%-2% of the
world’s energy supply annually and release about 1.5% of
CO; into the environment [2]. Therefore, green and
sustainable methods need to be developed to efficiently
produce NHj; under mild conditions. Over the past few
decades, photocatalytic cured nitrogen has been one of the
best choices due to its green, clean, and mild conditions,
low-power consumption, and low-cost characteristics [3].
However, conventional photocatalysts, such as metal
oxides and sulfides, exhibit poor ammonia synthesis
activity due to their high carrier recombination efficiency
[4-6]. Modification of these photocatalysts is often
necessary to generate more photogenerated electrons and
improve their efficiencies. A large amount of research has
revealed that the efficiencies do not reach high levels yet
due to the lack of sufficient active sites in binding and
N=N triple bonds [7].
Meanwhile, single-atom catalysts have emerged as a

cleaving strong nonpolar
promising solution with unique active centers and high
atomic efficiencies that can enhance the catalytic
performance of semiconductors [8]. The construction of
heterojunctions is also an effective way to improve the
carrier separation efficiencies of intrinsic semiconductors
and generate more photogenerated electrons [9].

Metal monoatoms as active sites have attracted much
attention for their maximum atom utilization efficiency,
well-defined coordination environment, and excellent
photocatalytic activity. It exhibits a low coordination state
of metal atoms, usually with strong metal—carrier
interactions, but the single atoms suffer from instability
and susceptibility to agglomeration [10]. In contrast,
metal-organic frameworks (MOFs) are special porous
materials, composed of metal clusters and organic
frameworks, with high porosity, large specific surface
area, tunable functions, and potential catalytic capabilities
[11]. MOFs have attracted extensive attention in various
fields, including gas storage, separation, adsorption,

sensing, catalysis, and photocatalysis [12—13]. In the field
of photocatalysis, the high porosity and large surface area
of MOFs provide ample sites for the adsorption of
reactants, enhancing the light-harvesting efficiency and
facilitating the catalytic conversion process [14]. The
tunable nature of MOFs allows for the precise control of
chemical and physical properties, enabling the
optimization of light absorption and electron transfer
dynamics [15]. Additionally, MOFs with their dispersed
metal sites serve as effective platforms for anchoring
single metal atoms, boosting the catalytic performance
[16]. For example, Liu et al. successfully constructed a
nickel monatomic immobilized zeolitic imidazolate
framework-8 (ZIF-8), which had an ordered (macroscopic
and microscopic) hierarchical pore structure and could
to CO with effect,

achieving high stability and activity with a CO yield of

photocatalytically reduce CO,

4.2 mmol-g~!-h7! and an electron selectivity of 94% [17].
Wang et al. enhanced the photocatalytic performance in
control of the level of defects in the bandgap for energy-
level engineering and constructing unitary heterojunctions
through MOF-based bionanocatalysts [18]. It was feasible
to use MOFs with tunable structures and abundant
chelating sites to anchor transition metals such as nickel
and copper [19-20]. The encapsulation of atomically
dispersed metal catalysts within the porous framework of
MOFs offered a strategic approach to maximize accessible
active centers, fostering robust interactions between
[21]. Notably, the
single-atom  modifications

metals and carrier materials

introduction  of could
significantly alter the energy band structure of the
catalyst, bestowing it with exceptional properties such as
enhanced photo-absorption and expedited charge carrier
separation [22]. These attributes collectively suggest that
single-atom-loaded MOFs hold significant potential as co-
catalysts for photocatalytic nitrogen fixation, an area of
critical interest for the sustainable ammonia synthesis
[23]. To load single atoms, the selection of MOFs with
good energy band orientation is crucial. Various metal-
centered MOFs have been studied in photocatalysts with a
wide range of application pathways including Cu-, Zn-,
Fe-, and Zr-MOFs [24-28]. Among them, iron-based
MOFs offer better stability in organic solvents and water,
as well as specific microstructures [29]. Currently,
materials of Institut Lavoisier (MIL) and NH,-MIL are
two common types of Fe-based MOFs. The addition of
—NH; groups to Fe-MOFs extends the p-conjugation and
increases the visible-light absorption, which are key



Xinshan Rong et al. Construction of single-atom copper-loaded iron-based MOF/CNNS heterojunction for ... 3

parameters for improving the conversion efficiency.
Previous studies have shown that the combination of
different semiconductors can effectively improve the
photovoltaic performance and photocatalytic efficiency
through providing fast transfer paths for charge carriers,
facilitating close contact of interfaces between different
materials [30].

Carbon nitride (CN) is
semiconductor that has been widely applied in the field of

a non-metallic polymer

photocatalysis due to its suitable forbidden bandwidth and
tunable band structure [31-32]. However, the low specific
surface area (SSA) and rapid charge recombination (CR)
rate limit its photocatalytic effect [33]. Designing MOF
and CN heterojunction composites can increase the carrier
mobility by increasing the light absorption range, tuning
the SSA, and suppressing the electron—hole recombination
rate. Heterojunctions consisting of MOF and CN have
good results in enhancing the photocatalytic activity [34].
Cheng et al. prepared NH,-MIL-125(Ti)-modified carbon
nitride Cv-C3N4 with carbon vacancies, and the NO
removal ratio of this compound reached 63%, which
significantly improved the photocatalytic efficiency [35].
Lei et al. coupled and hybridized carbon nitride
nanosheets (CNNSs) with MIL-88B(Fe), and the prepared
nanocomposites formed heterojunctions that had relatively
good performance in degrading methylene blue (MB) and
reducing Cr(VI) under visible light [36]. Over the past
few years, scientists have ventured into employing single
atoms and fabricating heterojunctions to drive the
photocatalytic synthesis of ammonia. However, devising
efficacious and straightforward strategies to manipulate
the energy band structure of these catalysts and optimize
their heterojunction interfaces still remains an intricate
puzzle, largely due to the multifaceted nature of the
underlying reaction mechanisms. No method has yet been
reported to analyze the charge transfer mechanism by
coupling monoatomic loading and heterostructure
construction, and to enhance photocatalytic nitrogen
solidification performance through synergistic effects.

In this work, an impurity structure catalyst (Cu@MIL-
CNNS) containing single-atom copper was used for
Anchored
within an iron-based MOF, heterojunctions were formed
in Cu@MIL-CNNS, which significantly facilitated the
efficient separation and transfer of photo-induced charge

effective photocatalytic nitrogen fixation.

carriers. A key advancement was observed in the
capability of copper to modulate the MOF’s band

structure, thereby broadening its optical absorption

spectrum. Moreover, copper was found to act as an active
site, directly participating in catalytic reactions. Notably,
superior photocatalytic efficiency and commendable
recyclability have been demonstrated by Cu@MIL-CNNS
among MOF-based photocatalysts, outperforming its
constituent pure materials [37-38]. This work presents
new opportunities for designing cost-effective and more
active catalysts.

2 Experimental

2.1 Materials

All chemicals were from commercial sources and used
without further purification. Anhydrous ethanol, urea,
N,N-dimethylformamide (DMF), and 2-aminoterephthalic
acid (NH,-H,BDC) were analytically pure and purchased
from Sinopharm Chemical Reagent Co. Ltd. Ferric
chloride hexahydrate (FeCl;-6H,0) and copper chloride
dihydrate (CuCl,-2H,0) were purchased from Shanghai
Aladdin Biochemical Technology Co. Ltd.

2.2 Catalyst fabrication

The synthesis process of Cu@MIL-CNNS heterojunctions
is shown in Scheme 1. First, the porous iron-based

skeleton NH,-MIL-101(Fe) (hereafter
Fe-MOF) was through the
hydrothermal method reported in literature using
FeCl;-6H,0 and NH,-H,BDC as reaction materials [39].
Then CuCl,-2H,0O was used as the copper source, and
CuCl;'2H,0O and Fe-MOF were stirred by the
hydrothermal method to obtain sufficient interaction to

metal—organic

denoted as prepared

introduce copper ions into the framework (Cu@MIL). On
the other hand, ultrathin flocculated CNNSs were
prepared through secondary calcination using urea as the
raw material [40]. The prepared CNNSs and Cu@MIL
were then added to a mixture of deionized water and
ethanol in proportion to each other, and the visible light
responsive Cu@MIL-CNNS composite catalyst was
synthesized through simple stirring.

2.2.1 Synthesis of Fe-MOF

FeCl3-6H,0 (2 mmol) and NH,-H,BDC (1 mmol) were
dissolved in 30 mL dimethylformamide (DMF) solvent
and stirred magnetically for 20 min. Then, they were
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Scheme 1 Schematic diagram illustrating the synthesis of the Cu@MIL-CNNS heterojunction photocatalyst.

transferred to a Teflon-lined autoclave with a volume of
50 mL, and allowed to react for 24 h at 110°C. The
resulting precipitate was centrifuged and washed three
times with DMF and ethanol. Finally, the product was
dried at 60 °C for 8 h.

2.2.2  Synthesis of CNNSs

Urea (20 g) was introduced into a covered quartz crucible,
placed in a muffle furnace, and pyrolyzed at 350 °C for
3h at a heating rate of 5 °C-min~!. The product was
ground into powders and placed in a covered quartz vessel
and calcined in a tube furnace at 670 °C for 2 h under N,
atmosphere at a heating rate of 5 °C-min~!. The resulting
precipitate was centrifuged, washed three times with DMF
and ethanol, and dried at 60 °C for 8 h to obtain CNNSs.

2.2.3 Synthesis of Cu@MIL

Generally, 20 mg Fe-MOF, 0.2 mmol CuCl,-2H,0, and
50 mL DMF were mixed in a beaker, stirred continuously
under the heating of a water bath at 85 °C for 2 h, cooled
to room temperature, and then the solid was separated
through centrifugation, washed thoroughly with DMF and
anhydrous ethanol, and finally dried at 60 °C for 8 h to
obtain Cu@MIL.

2.2.4 Synthesis of Cu@MIL-CNNS

30 mg of CNNSs were added into a solvent system
containing a mixture of deionized water and ethanol with

the volume ratio of 2:1 and then stirred at 25 °C for 0.5 h.
The resulting solution was sonicated for 1 h, and then a
certain amount of Cu@MIL was added and stirred at
room temperature for 12 h. The loading mass ratios
between CNNS and Cu@MIL were 10:1, 10:2, 10:3, and
10:4, which were hereafter denoted as Cu@MIL-CNNS-
1, Cu@MIL-CNNS-2, Cu@MIL-CNNS-3, and Cu@MIL-
CNNS-4, respectively.

2.3 Characterization

The structures, chemical compositions, and optical and
electronic properties of the samples were studied. Details
of the operational procedures were provided by ESM of
Appendix.

2.4 N, photofixation measurement

In a CHX-3 photocatalytic reactor, N, photofixation
measurements were conducted utilizing a 250 W xenon
lamp. High-purity nitrogen gas (> 99.9%) was utilized as
the nitrogen source, whereas deionized water acted as the
proton donor. The reaction commenced by combining
50 mg of the sample with 100 mL of deionized water
within the reactor. To maintain a constant temperature of
25°C in the reaction system, a cooling jacket was
employed,
temperature. Under dark conditions, a continuous flow of

circulating water of the appropriate
N, gas was introduced into the reactor for a duration of
30 min. Following this, the reaction mixture was exposed
to xenon lamps for a period of 2h. Throughout the
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entirety of the experimental procedure, the solution was
stirred using a magnetic stirrer to ensure the uniform
dispersion of the catalyst. Post-exposure, the solution
underwent filtration, and the concentration of ammonium
ions (NH;*) was determined via the Nessler reagent
method [41].

3 Results and discussion

3.1 Characterization

The analysis on crystal phases of the catalyst was
performed through X-ray diffraction (XRD). The XRD
results of the obtained MOF are consistent with those
shown in Fig. 1. The theoretical calculation results in
previous reports are consistent. There is strong evidence
of the successful synthesis of Fe-MOF based on the
results of the experiment [42]. However, the diffraction
peak of copper was not detected, which may be due to the
low loading of copper or the uniform and small particle
size. Notably, the peak intensity of MOF was reduced due
to the anchoring effect of copper, which could be
attributed to doped Cu?" ions, which destroyed the
crystallinity of MOF and reduced the intensity of XRD
peaks. In addition, the introduction of Cu?* ions
significantly shifted the main diffraction of MOF to the
lower angular region by about 0.06° (inset in Fig. 1), and
this shift to higher values has been reported in literature
and is attributed to the contraction of the lattice when Fe3*
in Fe—O oxygen—oxygen clusters is replaced by the Cu2*
structure [20,43]. It indicates that some of Fe3" ions are
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Fig. 1 XRD patterns of CNNS, Fe-MOF, Cu@MIL, and
Cu@MIL-CNNS-3. Inset shows the offset of Cu@MIL with
respect to the main diffraction of Fe-MOF.

replaced by the introduced Cu?" ions. For the Cu@MIL-
CNNS-3 heterojunction, micropeaks of MOF and CNNSs
can be observed, representing the construction of the
heterojunction.

Scanning electron microscopy (SEM) and transmitting
electron microscopy (TEM) were performed for detailed
analyses of structures and morphologies. Figure S1(a)
(included by ESM of Appendix) shows that CNNSs are
composed of ultrathin nanosheets displaying a highly
fluffy and soft agglomerate morphology, which is further
observed by the nearly transparent TEM image (Fig. 2(a)).
Both Fe-MOF and Cu@MIL had a representative
octahedral morphology similar to those in previous reports
(Figs. S1(b) and S1(c) (included by ESM of Appendix)
together with Figs. 2(b) and 2(c)), and no surface or
interior particles were observed in Cu@MIL [44].
Moreover, the anchoring of copper did not cause any
change in the morphology (Figs.2(b) and 2(c)). For
Cu@MIL-CNNS-3, CNNSs are tightly attached to the
surface of Cu@MIL forming a tight interface (Figs. S1(d)
and 2(d)), and a clear boundary between CNNSs and
Cu@MIL can be observed from the images. This
nanoscale heterojunction increases the SSA of the contact
and contributes to the rapid involvement of carriers in the
chemical reaction. The sample microscopic morphology
was further investigated through high-angle annular dark-
field scanning transmission electron microscopy
(HAADF-STEM). Typical octahedral crystals of Fe-MOF
wrapped with agglomerated lamellar CNNSs around them
can be clearly seen in the dark-field STEM image
(Fig. 2(e)). The effective complexation of Cu@MIL and
CNNSs, as well as the uniform distribution of copper
ions, is evidenced by elemental mapping images revealed
in Fig. 2(f). To precisely determine the distribution of
elements in the Cu@MIL-CNNS-3 sample, both energy
dispersive X-ray spectroscopy (EDS) and inductively
coupled plasma-atomic emission spectroscopy (ICP-AES)
were employed. It was found that the copper content in
the Cu@MIL-CNNS-3 sample measured via EDS was
1.68 wt.%, as shown in Fig. S2 (included by ESM of
Appendix), while that via ICP-AES was 1.82 wt.%.
Although there is a difference between such two values
owing to different testing accuracies derived from various
detecting instruments, the presence of copper ions can be
confirmed.

X-ray photoelectron spectroscopy (XPS) was used to
clarify compositions and chemical states of elements on
surfaces of the prepared samples. As shown in Fig. 3(a),



6 Front. Mater. Sci. 2024, 18(4): 240702

C

100 nm

100 nm

100 nm

100 nm 100 nm

Fig. 2 (a)(b)(c)(d) TEM images of CNNSs (Panel (a)), Fe-MOF (Panel (b)), Cu@MIL (Panel (c)), and Cu@MIL-CNNS-3 (Panel
(d)). (¢) HAADF-STEM image of Cu@MIL-CNNS-3. (f) EDS elemental mapping images of Cu@MIL-CNNS-3.

C, N, O, and Fe were observed in the XPS spectrum of the
Cu@MIL-CNNS-3 composite, while copper had no
obvious peaks owing to its low content. According to
Figs. S3(a) and S3(b) (included by ESM of Appendix),
such characteristic peaks in Fig. 3(a) can be attributed to
the presence of CNNS and Fe-MOF, providing strong
evidence for the successful compounding between Fe-
MOF and CN, consistent with SEM and XRD results.
Furthermore, by employing in-situ XPS, the observed
chemical shifts can be explained, shedding light on the
charge transfer mechanism of Cu@MIL-CNNS-3
heterojunctions. Notably, in Fig. 3(b), peaks at 932.71 and
952.55 ¢V confirm the existence of Cu® ions as the
predominant form of copper ions [45-46]. Figure 3(c)
shows high-resolution Fe 2p XPS spectra of Fe-MOF,
Cu@MIL, and Cu@MIL-CNNS-3 heterostructures. The
presence of Fe3' is demonstrated by peaks observed at
712.03 and 725.27 eV, corresponding to Fe 2ps,; and Fe
2p1p, respectively [47]. After doping with copper ions as
well as composite CNNSs, slight negative shifts of Fe 2p
peaks can be observed, mainly due to the increase in the
electron density of Fe3* possibly derived from the transfer
of lone electron pairs of adjacent nitrogen atoms in

CNNSs to Fe3' sites in Cu@MIL as well as the presence
of copper ions promoting the transfer of electrons on the
surface and inside Fe-MOF [48]. Figure 3(d) provides
high-resolution C 1s XPS spectra of Fe-MOF, Cu@MIL,
and Cu@MIL-CNNS-3. The peaks at around 284.8 eV
reveal the C—C bonding caused by foreign contaminations
[49]. For Fe-MOF, peaks at 284.82 and 288.7 eV are
attributed to the benzene ring of NH,-BDC and the
O—C=0 group, respectively.

As revealed in O 1s XPS spectra delineated by Fig. 3(e),
the elemental oxygen manifests three distinct
in Fe-MOF: as adsorbed

characterized with a binding energy of 530.57 eV; within

configurations oxygen,
water molecules encapsulated in NH,-H,BDC, evidenced
at 531.96 eV; and as oxygen bound in the Fe—O bond,
registered at 533.35 eV. As for N 1s, peaks at 398.26 and
399.62 eV are attributed to sp>-bonded carbon and tertiary
nitrogen (N—C;) in the C-N=C group of CNNSs,
respectively, while peaks at 400.67 and 403.83 eV belong
to the amino group (C—N-H) and the m excitation in
CNNSs, respectively (Fig. 3(f)) [50]. When Cu@MIL and
CNNSs are in contact, there is an interaction between
them, promoting the transfer of electrons from CNNSs to
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Fig. 3 (a) XPS survey spectrum and (b) Cu 2p XPS spectrum of Cu@MIL-CNNS-3. (¢) Fe 2p, (d) C 1s, and (e) O 1s XPS spectra of
three samples including Fe-MOF, Cu@MIL, and Cu@MIL-CNNS-3. (f) N 1s XPS spectra of two samples including Cu@MIL-CNNS-

3 and CNNSs.

Cu@MIL and further to copper sites. Through the
electron transfer, a close contact interface is formed
between Cu@MIL and CNNSs in Cu@MIL-CNNS,
which follows the charge transfer route of conventional
Type II heterojunction.

Ultraviolet—visible diffuse reflectance spectroscopy
(UV—Vis DRS) determines the absorption edges of
various materials, which can be used to acquire bandgap
(E,) values. Figure 4(a) shows that the absorption edge of
CNNSs is located in the wavelength
400-500 nm. For the Fe-MOF sample, two distinct visible
absorption edges can be observed. It is noteworthy that
the absorption fringes of Cu@MIL are red-shifted
compared to Fe-MOF, indicating its improved ability to
absorb visible light. After forming a composite with
CNNSs, the visible absorption ability of the Cu@MIL-
CNNS heterostructure is  significantly enhanced.
Particularly, Cu@MIL-CNNS-3 the
significant redshift, which effectively extends the visible
light spectrum, thus contributing to the improvement of
the photocatalytic activity. The E, value of a sample can
be calculated based on the Tauc plot, and the related
equation is as follows:

range of

shows most

ahv = A(hv-Eg)"" 1)

where @, hv, and A are the absorption coefficient, photon
energy, and constant, respectively [51].

Both CNNSs and Fe-MOF are direct-transition
semiconductors, so the value of n is 4. From E, plots of
the samples (Fig. 4(b)), it is seen that £, values of CNNSs
and Fe-MOF are 2.89 and 2.52 eV, respectively, and the
bandgap was further narrowed to 2.40eV after the
introduction of copper ions. The energy band structure of
Cu@MIL-NCN-3 was determined via X-ray photoele-
ctron valence band spectroscopy (VB-XPS). The VB-XPS
test results in Fig. 4(c) show that the valence band (VB)
positions of CNNSs, Fe-MOF, and Cu@MIL are 1.72,
2.28, and 2.18 eV, respectively, relative to the normal
hydrogen electrode. According to the VB values of the
catalyst and equation [52]:

2

Ecgm = Evem — E;

where Ecpm and Evypy represent the CB potential and the
VB potential, respectively.

The conduction band (CB) values of CNNSs, Fe-MOF,
and Cu@MIL stand at —1.18, —0.24, and —-0.22 eV,
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plots. (¢) VB positions of CNNSs, Fe-MOF, and Cu@MIL. (d) Band structures of CNNSs and Cu@MIL.

respectively. Therefore, the schematic band structure
evolution diagrams of CNNSs and Cu@MIL can be
obtained, as shown in Fig.4(d). The energy band
arrangement of both satisfies the Type II heterojunction.
Photoelectrochemical (PEC) experiments show that
compared to a single semiconductor, the photocurrent
density of Cu@MIL-CNNS-3 is significantly higher due
to the doping of copper ions and the presence of
heterojunctions (Fig. 5(a)). In other words, there is
enhanced photogenerated charge separation (CS) and
More
photogenerated electrons and holes are involved in the

higher transfer efficiency in the composite.
reaction, which is beneficial to the improvement in
efficiency of photocatalytic nitrogen fixation. Figure 5(b)
shows electrochemical impedance spectroscopy (EIS)
Nyquist plots of tested samples, from which it is seen that
Cu@MIL-CNNS has the lowest impedance, implying a
low carrier migration resistance of the composite, which is
CS. this
photoluminescence (PL) spectroscopy was performed to

favorable for In study, steady-state

investigate various materials. Figure 5(c) shows that the
PL spectrum of Fe-MOF has the most intense peak, which

implies the highest rate of electron—hole recombination
during the photocatalytic process. For Cu@MIL, the
presence of copper is directly responsible for the
significantly lowered PL intensity compared to that of Fe-
MOF. The diminished luminescence intensity observed in
Cu@MIL-CNNS implies that the heterojunction effecti-
vely inhibits the radiative relaxation process within the
complex. This observation suggests a higher efficiency in
separating electron—hole pairs, which aligns with its
superior photocatalytic performance. Additionally, SSA
values of photocatalysts were examined via the Nj
N, adsorption—
desorption isotherms in Fig. 5(d) exhibit a consistent

adsorption—desorption  experiments.
pattern, characterized by a Type IV isotherm curve with a
H3-type hysteresis loop. This pattern indicates the
presence of a typical mesoporous capillary cohesive
structure featuring nanometer-scale spacing. The SSA
values of CNNSs, Fe-MOF, and Cu@MIL-CNNS-3
heterostructures were measured to be 74.7, 58.1, and
95.6 m2-g!, respectively. The greatly enhanced SSA of
Cu@MIL-CNNS-3 effectively promotes the mass transfer
between materials and improves the adsorption of N.
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MOF, Cu@MIL, and Cu@MIL-CNNS-3. (d) N, adsorption—desorption isotherms of CNNSs, Fe-MOF, and Cu@MIL-CNNS-3.

3.2 Photocatalytic nitrogen fixation performance

To elucidate the synergistic effect of single-atom copper
loading and heterostructure construction on the ammonia
synthesis, nitrogen fixation experiments were carried out
under a simulated solar light source without the addition
of any sacrificial agent and co-catalyst, and the NH4*
production rate was evaluated with a nitrogen aeration
rate of 100 mL-min~!. After purging with nitrogen for
30 min, the nitrogen reduction experiments were carried
out under ambient conditions for 2 h. As depicted in
Fig. 6, the original photocatalyst Fe-MOF presented a low
efficiency (22.87 umol-g 1-h™1),
whereas the addition of copper ions resulted in an

nitrogen fixation

enhanced average nitrogen fixation efficiency
(87.86 pmol-g~!-h™!) for Cu@MIL, nearly four times that
for Fe-MOF, indicating the enhanced effect of

photocatalytic nitrogen fixation. It is noteworthy that all
prepared Cu@MIL-CNNS photocatalysts demonstrated
significantly improved nitrogen fixation properties, in
which Cu@MIL-CNNS-3 exhibited the highest nitrogen
fixation efficiency of 175.83 umol-g~!-h™!, approximately

200
180 -
1601
140
1204

D

1004
80+
60+

Concentration of NHj /(umol-g™'-h

Fig. 6 Histogram of NH} production concentrations.

8 and 12 times those of Fe-MOF and CNNSs,
respectively, demonstrating superior performances of
Cu@MIL-CNNS photocatalysts to those of single-
component photocatalysts in terms of the nitrogen fixation
efficiency. Furthermore, the nitrogen fixation efficiency
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of Cu@MIL-CNNS-3 was 1.6 times that of MIL-CNNS-3
without copper ions and 2 times that of Cu@MIL,
indicating that the synergistic effect of copper single
atoms and heterojunctions is crucial for superior
photocatalytic nitrogen fixation. These results clearly
demonstrate the significant contribution of the copper
single-atom loading and heterostructure construction to
the photocatalytic nitrogen fixation activity of Cu@MIL-
CNNS photocatalysts.

The enhanced photocatalytic performances of
Cu@MIL-CNNS composites can be attributed to the
synergistic effect within the materials. First, the well-
connected and tightly bonded heterojunction formed
between Cu@MIL and CNNSs can effectively absorb
light and promote the conversion of absorbed light into
photogenerated charge carriers. Secondly, the presence of
single-atom copper sites can act as active centers to
enhance the capturing of photogenerated electrons and
promote the nitrogen fixation reaction during
photocatalysis. PEC results depicted in Figs. 5(a)-5(c)
corroborate aforementioned propositions, with Cu@MIL-
CNNS-3 showing the highest EIS value, the most
sensitive  photocurrent response, and the lowest
recombination degree of photogenerated carriers. These
findings reveal that Cu@MIL-CNNS-3 has good PEC
properties, which are essential for the improvement of
photocatalytic performance.

Meanwhile, the photocatalytic stability of the
Cu@MIL-CNNS-3 composite was verified through a
five-consecutive-cycle experiment. As shown in Fig. S4
(included by ESM of Appendix), the amount of fixed
nitrogen remained fairly consistent over five cycles,
implying that the Cu@MIL-CNNS-3 composite is stable
and durable during the photocatalytic nitrogen fixation
reaction. Characterization measurements of recovered
samples reveal the same microstructures before and after
the cycling tests, further indicating the high stability of
Cu@MIL-CNNS during the nitrogen fixation. In addition,
the effectiveness of the photocatalytic activity was
verified via a comparative analysis. Notably, no ammonia
gas was detected either in the absence of photocatalyst
and incident light or in the presence of argon atmosphere,
as shown in Fig. S6 (included by ESM of Appendix),
indicating that nitrogen is an indispensable factor for
photoreduction, because the ammonia gas derived during
the photocatalytic nitrogen fixation is from the nitrogen
gas. The nitrogen fixation rate of Cu@MIL-CNNS-3 was

also compared with those of some recently reported MOF

heterojunction photocatalysts as well as metal-doped
materials, and the results are summarized in Table Sl
(included by ESM of Appendix), in which Cu@MIL-
CNNS-3 was found to have the highest nitrogen fixation
capacity among all listed samples.

3.3 Possible photocatalytic mechanism

Based on above experiments and analyses, possible
reactions transpiring amidst the photocatalytic nitrogen
fixation are delineated according to Egs. (3)—«(7) as
follows:

Cu@MIL-CNNS + hv—h*(VB,CNNS)+e ™ (CB,Cu@MIL)
3)

Cu@MIL(e)” +Cu — Cu(e)” +Cu@MIL  (4)

2H,0 +4h* — 4H* + O, 5)
N, +6e™ + 6H" — 2NH; (6)
NH; +H,0 — NH} + OH™ )

Also, the mechanism of the photocatalytic nitrogen
fixation in Cu@MIL-CNNS composites can be explained,
as shown in Fig. 7. The Type-II heterostructure formed by
Cu@MIL-CNNS  can
electron—hole pairs, while electrons with high reduction

effectively ~ separate  the
potential can effectively promote the nitrogen fixation
reaction. As both CNNSs and iron-based MOFs prepared
are nanomaterials, their unique nanostructures have size-
constraining effect on active substances involved in the
reaction, leading to their size in a specific nanometer
range. Meanwhile, the transport distance of carriers is
shortened, thus effectively inhibiting the recombination of
electrons and holes during the reaction [53]. Under the
irradiation of visible light, electrons in VB are excited
followed by the leap to CB, leaving holes in VB.
According to the band structure shown in Fig. 7, the VB
value of CNNSs is —1.18 eV, more negative than that of
Cu@MIL (-0.22 eV). Therefore, when CNNSs and
Cu@MIL are in close contact, photogenerated electrons
can be transferred from the CB of CNNSs to the CB of
Cu@MIL through the heterojunction structure, consistent
with the results from XPS. Subsequently, holes are also
transferred from the VB of Cu@MIL to the VB of
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Fig. 7 Possible route for charge transfer and reaction mechanism of nitrogen photofixation.

CNNS:s. Photogenerated electrons on the CB of Cu@MIL
and photogenerated holes on the VB of CNNSs are
involved in the reduction process of nitrogen (Eq. (6)) and
the oxidation process of water (Eq. (5)), respectively. This
greatly promotes the separation efficiency of
electron—hole pairs, improving the performance of the
photocatalytic nitrogen fixation.

Building upon the foregoing analytical endeavors, we
postulate a fitting mechanistic framework for the
Cu@MIL-CNNS photocatalyst, categorized under the
rubric of a Type-II heterojunction. The CB potential of
Cu@MIL surpasses the reduction potential of N,/NHj
(—0.092 eV), while the VB potential of CNNSs is lower
than the oxidation potential of HyO/H* (1.23 eV). This
arrangement ensures that the heterojunction possesses
ample energy to facilitate the reduction from N, to NHj,
generating electrons and protons. In addition, copper
atoms in Cu@MIL-CNNS can mobilize the electronic
band structure and narrow the bandgap of iron-based
MOF, retaining high energy-photoexcited electrons on the
CB for the reduction of nitrogen, while copper ions
themselves provide a great number of active sites for the
adsorption and activation of nitrogen. Electrons in the CB
of Cu@MIL, as the main active species, can be rapidly
involved in the nitrogen reduction reaction (NRR).

4 Conclusions

In summary, a novel Cu@MIL-CNNS composite catalyst
was successfully designed and synthesized in this study

via a facile hydrothermal and calcination method to
realize an efficient visible-light-driven nitrogen fixation
reaction. Notably, Cu@MIL-CNNS, which was modu-
lated with energy band structure and formed a heteroge-
structure, possessed photocatalytic
activity, and its nitrogen fixation efficiency was 12 and 8
times those of CNNSs alone and Fe-MOF alone,
respectively. The single-atom copper provides active sites

neous excellent

and modulation of the MOF bandgap, and the formation
of heterostructures accelerates charge separation and
transfer. This synergistic effect gives this composite a
remarkable redox capacity that promotes the adsorption
and activation of nitrogen. These findings not only
demonstrate the potential of constructing photocatalysts
composed of monolithic atoms and heterostructures, but
also provide valuable insights into the design of efficient
photocatalytic nitrogen fixation systems.
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