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“FeV-cofactor”-inspired bionic Fe-doped BiVO,
photocatalyst decorated with few-layer 2D black
phosphorus for efficient nitrogen reduction

In-built bionic FeV cofactor in Fe-BiVO, catalyst decorated
with 2D black phosphorus can not only adsorb and activate
N, molecules, but also promote carrier separation and
transfer, thus improving photocatalytic nitrogen reduction
performance.
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phosphorus for efficient nitrogen reductiont

’ '.) Check for updates ‘

Cite this: /norg. Chem. Front., 2023,
10, 5004

Hongda Li, 2 *€ Shuai Jian,® Boran Tao,*“ Guoxiao Xu,® Baosheng Liu,?
Shaonan Gu,* Guofu Wang*® and Haixin Chang () *©

Drawing inspiration from the biological nitrogenase mechanism, bionic photocatalytic nitrogen fixation
technology plays a significant role in activating nitrogen molecules and promoting the nitrogen reduction
reaction. However, developing effective semiconductor photocatalysts remains a considerable challenge
in the field of bionic nitrogen fixation. Herein, a novel bionic “FeV-cofactor” system for performing photo-
catalytic nitrogen reduction was proposed for the first time based on an Fe-doped BiVO, photocatalyst
decorated with few-layer 2D black phosphorus (BP). As expected, Fe doping and BP decoration signifi-
cantly improved the NHs yield of BiVO4. With an NHs yield of 337.9 pmol g™t h™! (6.83 times that of
BiVO,), FeBiVO4-0.05BP ranks among the top-performing nitrogen-fixing materials in oxide-based
photocatalysts. DFT calculations show that N, molecules can be adsorbed and activated by Fe doping,
thus forming the in-built bionic “FeV-cofactor”. The experimental results further confirm that introducing
a bionic "FeV-cofactor” system enhances the electron transfer between redox couples (V>*/V** & Fe3t/
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Fe?*) and N,, thus improving the carrier separation efficiency. Oxygen vacancies coupled with V** ions
also contribute to increasing light absorption. The 2D BP decoration plays a crucial role in the whole
process of nitrogen reduction due to its exceptional electron transfer ability while increasing the active
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Introduction

Ammonia (NH3) is a potential hydrogen energy carrier and an
important feedstock in producing plastics, fertilizers, and
other chemicals whose effects permeate all human lives."
The Haber-Bosch process, currently used for the industrial
production of NHj;, involves high-purity N, and H, reacting
under extreme conditions (20-40 MPa, 400-600 °C), resulting
in high energy consumption and CO, emissions.’ Exploring
an environmentally friendly NH; production route is necessary
to replace the traditional process.
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In nature, diazotrophic bacteria and archaea reduce N, to
NH; through nitrogenase-catalyzed reactions.” Bionic nitrogen
fixation has attracted significant attention due to its similarity
to natural processes. Using abundant solar energy, bionic
photocatalytic nitrogen fixation can achieve sustainable NH;
synthesis under ambient conditions, which is both energy sus-
tainable and environmentally friendly.””” Despite its potential,
photocatalytic nitrogen fixation suffers from low conversion
efficiency, mainly because the stable triple bond N=N (941 kJ
mol™") is difficult to be activated or cleaved under ambient
conditions.® Furthermore, semiconductor photocatalysts typi-
cally exhibit poor interfacial charge transfer and/or light
absorption, limiting their applicability in charge- and energy-
intensive nitrogen reduction reactions.’

Three different nitrogenases have similar characteristics
and can be classified as the FeMo-cofactor, FeFe-cofactor, and
FeV-cofactor based on the metallic composition of catalytic
cofactors; the FeMo-cofactor is the most extensively studied.®
Consequently, FeMo-based bionic semiconductor photocata-
lysts for nitrogen reduction have attracted significant atten-
tion. Studies on FeMo-based bionic nitrogen-fixing photocata-
lysts such as MIL-88A (Fe/Mo)'" and Fe-doped Bi,MoOg'* have
been conducted. Our previous research also suggested that
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constructing a bionic FeMo-cofactor effectively enhances the
nitrogen reduction activity. The formation of a bionic “FeMo-
cofactor” in Fe-doped MoTe, ** and Fe/Mo bimetallene-coated
Bi,Mo, 3W, O nanocrystals' can effectively promote the sep-
aration and transfer of photoinduced -carriers. However,
despite structural similarities between the FeV-cofactor and
FeMo-cofactor in nitrogenase, these variants exhibit different
nitrogen reduction mechanisms,'”® and it is unclear how
different metal compositions affect catalytic performance and
the possible mechanisms. Bionic catalytic cofactors in various
forms also exhibit diverse reaction mechanisms. More impor-
tantly, the formation of bionic FeV-cofactor has not been
reported in the field of semiconductor photocatalytic nitrogen
reduction, leaving its relevant mechanisms unknown.
Similarly, questions persist about which metal in the bionic
FeV-cofactor sites are active for nitrogen reduction and
whether bimetallic synergies between V and Fe sites may play a
role.

BivO, is a well-known semiconductor photocatalyst. The
monoclinic form of BiVO, possesses a suitable band gap
(2.3-2.4 eV) and an ideal electronic structure.'®'” It has been
reported that BiVO, exhibits notable photocatalytic nitrogen
fixation performance,'®'® and it is one of the ideal candidates
for FeV-based bionic nitrogen-fixing photocatalysts.
Furthermore, black phosphorus (BP), an emerging low-cost
and highly efficient metal-free co-catalyst, has shown excellent
assistant effects in photocatalytic nitrogen reduction,?*>* due
to its excellent optical/electronic properties such as broad-
spectrum light capture capability, high carrier mobility
(~1000 cm* V' s7') and tunable band gap (0.3-2.0 eV).**7*
Herein, we present a novel bionic Fe-doped BivO, photo-
catalyst decorated with BP for nitrogen reduction. By integrat-
ing DFT calculations and experimental results, we demon-
strated that the inbuilt bionic “FeV-cofactor” not only adsorbed
and activated N, molecules but also promoted electron trans-
fer between redox couples (V>*/V*" & Fe**/Fe®") and N,, thus
improving the carrier separation efficiency. Oxygen vacancies
coupled with V** ions also contribute to increasing light
absorption. Simultaneously, 2D BP decoration plays a key role
in the whole nitrogen reduction of bionic FeV cofactor photo-
catalysts due to its superior electron transfer ability while
increasing the active sites of the reaction. This work provides
an effective approach to designing bionic FeV-based inorganic
semiconductor photocatalysts for nitrogen reduction.

Experimental section
Preparation of BiVO, and Fe-doped BivVO, (FeBiVO,) samples

BiVO, and FeBiVO, samples were synthesized using a hydro-
thermal method. In the standard procedure, 0.970 g (2 mmol)
of Bi(NO;);-5H,0 and 0.234 g (2 mmol) of NH,VO; were dis-
solved in 30 mL of HNO; solution (2 mol L™") and 30 mL of de-
ionized water, respectively. The NH,VO; solution was added
dropwise to Bi(NOj3); solution and stirred for 60 min. To syn-
thesize 2 mol% Fe-doped BiVO, (FeBiVO,) samples, 0.04 mmol
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Fe(NO3);-9H,0 was added into the above solution mixture. The
pH value of the resulting solution was adjusted to 7 with
NaOH (4 mol L™") and stirred for 60 min. Then, the final
mixture was transferred into a 100 mL Teflon-lined stainless-
steel autoclave and maintained at 200 °C for 18 h. After the
reaction, the product was collected by filtration, washed three
times with deionized water, and dried at 80 °C for 12 h.

Preparation of 2D black phosphorus (BP) nanosheets

Bulk BP was synthesized using a simple low-pressure transport
route. 0.5 g of red phosphorus, 0.02 g of Sn, and 0.01 g of Snl,
were sealed in a vacuum quartz tube. The quartz tube was
heated to 650 °C at a rate of 2 °C min~' and maintained at
650 °C for 5 h, then cooled to 500 °C at a cooling rate of 0.5 °C
min~", and then cooled naturally to room temperature. BP
single crystals were collected and stored in a glove box for sub-
sequent use. 2D BP nanosheets were produced by liquid exfo-
liation of bulk BP.*® Specifically, 30 mg of BP was dispersed in
100 mL of ethanol under Ar, and the suspension was ultrasoni-
cated for 10 h. Finally, the stable suspension was centrifuged
at 5000 rpm for 10 min to obtain nanosheets.

Preparation of BiVO,/BP and FeBiVO,/BP heterojunctions

BiVO,/BP and FeBiVO,/BP heterojunctions were synthesized
using the electrostatic self-assembly method.”” A specified
amount of BP nanosheets and 100 mg of BiVO, or FeBivO,
were added into 100 mL of ethanol and sonicated for 120 min
under Ar to obtain a stable homogeneous dispersion. The
resulting products (BiVO,/BP or FeBiVO,/BP) were collected by
centrifugation and vacuum-dried at 80 °C for 6 h. The compo-
site heterojunction catalysts were obtained as follows: BiVO,/
5 wt%BP (BiVO,-0.05BP), FeBiVO,/2 wt%BP (FeBiVO,-0.02BP),
FeBivO,/5 wt%BP (FeBivV0O,-0.05BP), and FeBiVO,/10 wt%BP
(FeBiVO,-0.10BP).

Characterization

Powder X-ray diffraction (XRD) patterns were detected using an
XRD instrument (SmartLab SE, Rigaku, Japan) equipped with
Cu Ka radiation (4 = 1.5418 A). The microstructure and mor-
phology were characterized by field-emission scanning elec-
tron microscopy (FESEM; MIRA LMS, TESCAN, Czech
Republic), transmission electron microscopy (TEM; JEM
2100F, JEOL, Japan), and atomic force microscopy (AFM;
Dimension Icon, Bruker, Germany). The specific surface areas
were measured using the Brunauer-Emmett-Teller (BET)
method (ASAP2460, Micromeritics, USA). The actual contents
of Bi, Fe, P, and V elements were collected using an inductively
coupled plasma optical emission spectrometer (ICP-OES; Avio
200, PerkinElmer, USA). X-ray photoelectron spectroscopy
(XPS) was carried out with an X-ray photoelectron spectrometer
(K-Alpha, Thermo Scientific, USA). The UV-vis diffuse reflec-
tance spectra (DRS) data were recorded using a UV-vis spectro-
photometer (UV-3600i Plus, Shimadzu, Japan). Fluorescence
lifetimes and apparent quantum efficiency (AQE) were deter-
mined using a steady-state/transient fluorescence spectrometer
(FLS980, Edinburgh Instruments, UK) with an excitation laser
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of 375 nm. Electron paramagnetic resonance (EPR) spectra
were detected with an electron paramagnetic resonance
spectrometer (Bruker A300, Bruker Corporation, Germany).
Photoelectrochemical and the electrochemical impedance
spectrum (EIS) measurements were conducted in a traditional
three-electrode system using an electrochemical workstation
(CHI 760E, Shanghai Chenhua, China), as described in our
previous study.>®

Photocatalytic N, reduction evaluation

Photocatalytic nitrogen reduction reactions were conducted in
a quartz reactor under the illumination of a 300 W xenon lamp
with 420 nm cutoff filter. The sample (30 mg) was dispersed in
60 mL of ultrapure water (multiple distillations to remove
NH',) at 25 °C. Before irradiation, the mixture was stirred in
the dark under high-purity nitrogen (purity >99.999%, 100 mL
min~") for 60 min to saturate the suspension with nitrogen.
The lamp was then turned on, and 3 mL of the suspension
was collected every 30 min for 2 h. The concentration of NH,"
was determined by Nessler’s reagent spectrophotometry
(UH4150, Hitachi, Japan) and ion chromatography (Dionex
Aquion RFIC, ThermoFisher, USA) equipped with a cation
detector. An isotopic labeling experiment was conducted using
5N isotope-labeled N, by the photocatalytic nitrogen reduction
reaction process. A nuclear magnetic resonance spectrometer
(NMR, AVANCE III HD 500 M, Bruker, USA) was used to detect
the characteristic peaks of >’NH,", and dimethyl sulfoxide was
used to calibrate the chemical shifts of the "H NMR spectra.
Besides, the pH of the aqueous solution was adjusted using 1
M H,SO, or 1 M NaOH to explore the effect of pH on N,
reduction activity.

Computational details

All calculations for BiVO, and FeBiVO, models were conducted
within the spin-polarized DFT framework, as implemented in
the DMol3 code available in Materials Studio.”® The general-
ized gradient approximation (GGA) in the form of the Perdew-
Wang (PW91) functional®®*" was used to describe the
exchange-correlation term. Core electrons of the transition
metal were replaced by effective nuclear potential pseudopo-
tential (ECP), and the valence electron wave function set was
chosen as double-numerical polarization (DNP). All geometries
were fully optimized until the energy tolerance reached less
than 2.0 x 107> Ha, the maximum displacement was less than
5.0 x 10~ A, and the convergence of force on each atom was
4.0 x 107" Ha A™. The convergence criterion of the self-con-
sistent field (SCF) is 10~° Ha. Adsorption energy (Ey) is defined
as the difference between the total energy of the adsorption
systems (E;), and the sum of the calculated surface energy (Es)

and N, energy (Ey ):**

Ey, = B¢ — (En, + Es) (1)

The Gibbs free energy changes for each N, reduction step
were calculated as follows:*?

AG = AZPE + AE — TAS (2)
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where AZPE and AE are the calculated zero-point energy differ-
ence and total energy difference, respectively, and TAS is the
entropy contribution at 298.15 K.

Results and discussion

Structure and chemical state

The XRD patterns (Fig. 1) show that the diffraction peaks of all
samples align well with the standard card of BivO, (JCPDS
#14-0688), indicating the successful realization of the monocli-
nic phase of BiVO,.*"** For single Fe-doped samples
(FeBiVO,), no Fe-related crystalline phase is observed due to
the low Fe content.*® In addition, since Fe*'/Fe** jon radius
(67 pm/78 pm) is less than Bi*" ion radius (103 pm), the lattice
parameters of BiVO, decrease after Fe*"/Fe*" replaces Bi’**
(Table S17), indicating that Fe ions partially replace Bi*" and
enter into the BiVO, lattice.™® For the BP-decorated samples,
two new peaks appear at 20 = 16.8° and 52.3° (lattice planes of
(0 2 0) and (0 6 0)) and an overlapping peak appears at 26 =
34.2° (lattice plane of (0 4 0)) due to the introduction of black
phosphorus (BP) (JCPDS #67-1957).*” The XRD intensities of
BP peaks increase with the increasing amount of BP.

Fig. Sla-df shows the SEM images of BiVO,, FeBiVO,,
FeBiVO,4-0.05BP, and BiVO,4-0.05BP samples. It is evident that
the ternary FeBiVO,-0.05BP photocatalyst consists of FeBiVO,
nanoparticles and BP nanosheets, and Fe doping has no effect
on the morphology of the catalysts. Additionally, the thickness
of the 2D BP nanosheets is about 4 nm, while the thickness of
FeBiVO, particles is larger than 100 nm, as shown in Fig. 2.
The ICP-OES analysis (Table S2) shows that the real molarity
of Fe and mass concentration of P is roughly consistent with
the theoretical concentrations. In particular, the addition of
BP nanosheets is conducive to increasing the BET surface
areas of the catalytic system (Table S17).

- s < |@BIVO,: No.14-0688
o =2 X # BP: No. 67-1957
~ #* =
@ NG R ® -
S 8§ 5 § e
ocT ® ae o 3T
#*Q ® ® © FeBivVO,-0.10BP
S
S \ FeBivVO,-0.02BP
>
'g BivVO,-0.05BP
IS

}‘ \ FeBivVO,-0.05BP

FeBiVO,

20 30 40 50 60 70 80
2-Theta (degree)

Fig.1 XRD patterns of different samples: BiVO,, FeBiVO,, BiVO4-
0.05BP, FeBiVO,4-0.05BP, FeBiVO4-0.02BP and FeBiVO4-0.10BP.
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Fig. 2 AFM images of FeBiVO4-0.05BP (left) and the corresponding thickness distribution (right).

High-resolution TEM, high-angle annular dark-field scan-
ning TEM (HADDF-STEM), and energy dispersive spectrometer
(EDS) mapping analysis were carried out to reveal the hetero-
geneous structure and elemental distribution in the FeBiVO,-
0.05BP samples (Fig. 3). The high-resolution TEM of FeBivVO,-
0.05BP (Fig. 3b) shows interplanar spacings of 0.29, 0.47, and
0.31 nm, which matched with the (2 0 0), (1 1 0) and (-1 2 1)
planes of the monoclinic BiVO,, respectively. Fig. 3c-i displays
the HADDF-STEM image and the corresponding EDS
mapping. The result shows a uniform distribution of Bi, O, V,
Fe, and P elements in the FeBiVO,-0.05BP sample, indicating
that the Fe ions and BP nanosheets are evenly introduced into
the catalytic system. These results fully confirm the successful
formation of homogeneous-doped FeBiVO,-0.05BP heterojunc-
tion composites.

The XPS analysis provides information about the valence
states and elemental composition of the BiVO, and FeBiVO,-
0.05BP samples,*® as shown in Fig. 4. The O XPS spectra
(Fig. 4a) have two peaks at 530.2 and 532.9 eV, attributed to
bound oxygen (O, Bi-O, and V-O) and adsorbed oxygen (Ooy)
in BiVO,, respectively.>® The O peak at 531.8 eV was attributed
to the increased adsorption capacity of the catalyst surface by
the introduction of oxygen vacancies (Oy) in FeBiVO,-0.05BP,*°
indicating the oxygen vacancy formation due to Fe ion doping.
Meanwhile, oxygen vacancies in BiVO, usually accompany the
coupling formation of V** species.*’ Fig. 4b shows the XPS
spectra of V 2p, which contains two peaks with binding ener-
gies of 524.4 and 516.9 eV, respectively, ascribed to V 2p,,, and
V 2p;,, of the V°* cation. After Fe ion doping, a new peak at
515.0 eV can be assigned to the V*" cation,** which confirms
the formation of a couple of oxygen vacancies and V** species
in Fe-doped BiVO,. Furthermore, the XPS spectra of Bi are
shifted by doping Fe ions, demonstrating that Fe is involved in
the bonding of the BiVO, lattice® (Fig. S2). Additionally, after
Fe ions were introduced into the catalyst system, XPS peaks of

This journal is © the Partner Organisations 2023

the Fe**/Fe** couple could be observed in Fig. 4c. In detail, the
binding energies of 728.8 eV (2py,,) and 713.5 eV (2ps,) are
the peaks of the Fe*" cation, while the binding energies of
724.0 eV (2p1/2) and 710.4 €V (2ps),) belong to the Fe*" cation.
These results show that V°*/V** and Fe’'/Fe’" redox couples
are successfully introduced into BiVO, crystals by doping Fe
ions. As for the XPS spectra of P 2p in FeBiVO,-0.05BP, Fig. 4d
displays two fitted peaks at 129.6 and 128.9 eV, respectively,
ascribed to P 2p,;, and P 2p;, of P°.** Moreover, a stronger
PO, peak is found in the XPS spectrum of the FeBiVO,-0.05BP
sample, which is related to the oxidation of BP in FeBiVO,-
0.05BP samples. An oxidation process is inevitable in BP-based
materials.*’

Evaluation of the photocatalytic nitrogen reduction
performance

The photocatalytic nitrogen reduction performance of the pre-
pared samples under visible light is evaluated without an
organic scavenger, as shown in Fig. 5a. The concentrations of
N,H, and NH; in the reaction solutions were simultaneously
detected, but no N,H, was observed. After 120 min of visible
light irradiation, the NH; yield of pure BiVO, was 49.45 pmol
¢ ' h™'. As expected, both Fe doping and BP decoration signifi-
cantly enhanced the NH; yield of BiVO,. The NH; yield of
FeBiVO,4-0.05BP is 337.9 pmol g~ * h™", which is 6.83 times that
of BiVO,. The results obtained by cationic exchange chromato-
graphy are almost identical (Fig. S3f). Compared to other
photocatalysts, the FeBiVO,-0.05BP photocatalyst exhibited
excellent nitrogen reduction activity (Table S3t). NHj3 pro-
duction of FeBiVO,-0.10BP (265.9 pmol g~* h™') decreased
when the concentration of BP decoration was increased to
10%, possibly due to excessive BP being the recombination
centers of photoinduced carriers. Moreover, the FeBiVO,-
0.05BP photocatalytic system did not produce NH; when only
high-purity Ar flows continuously, which means that N, is the

Inorg. Chem. Front., 2023, 10, 5004-5015 | 5007
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Fig. 3 (a) TEM and (b) High-resolution TEM images of FeBiVO,4-0.05BP; (c) HADDF-STEM image and corresponding EDS mapping: (d) Bi, (e) O, (f) V,

(h) Fe, (i) P.

only nitrogen source to produce NH;. The photocatalytic nitro-
gen reduction stability of FeBiVO,4-0.05BP is evaluated by seven
cycles, as shown in Fig. 5b. The results indicate that the nitro-
gen reduction activity and structure of FeBivVO,-0.05BP are rela-
tively stable in multiple cycles (Fig. S47).

To further confirm the accuracy of NH; generation from N,
an isotope labeling test was performed to examine the reaction
solution of FeBiVO,-0.05BP (Fig. 5c). Generally, the '"H NMR
spectra of the '"NH," standard sample displays a pair of
coupled peaks.*® The characteristic peaks of "NH," are
detected using the 'H NMR spectrum when the feeding gas is
N,, indicating that the N element of NH; comes from the
feed gas N,.

Fig. 5d shows the effect of pH values of the reaction solu-
tion on NH; yield investigated. When pH = 7, the reduction

5008 | /norg. Chem. Front, 2023, 10, 5004-5015

performance of N, is the best, while the increase or decrease
of pH value will lead to the decrease of photocatalytic N,
reduction activities. Under acidic conditions, an increase in H"
concentration leads to decreased water oxidation. However,
under alkaline conditions, although the oxidation of water was
improved, the produced NH," was being oxidized faster, thus
reducing the production of NH;.*”

Mechanism of improved photocatalytic activity

To explore the mechanism of Fe doping or 2D BP decoration
in regulating the nitrogen reduction reaction one by one, first,
theoretical calculations were conducted on the mechanism of
Fe doping on BiVO, (Fig. 6). There are three main reaction
pathways in the process of photocatalytic NH; synthesis,

This journal is © the Partner Organisations 2023
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Fig. 5 (a) Photocatalytic N, reduction of BiVO,, FeBiVO,, BiVO4-0.05BP, FeBiVO,4-0.05BP, FeBiVO,-0.02BP and FeBiVO4-0.10BP under visible light
irradiation. (b) Stability test for the nitrogen reduction of the FeBiVO,-0.05BP photocatalyst. (c) *H NMR spectra qualitative isotope labeling test of
FeBiVO,4-0.05BP. (d) The NH,™" yield of the FeBiVO,4-0.05BP sample under different pH conditions after 2 h.

namely the distal reaction pathway, alternate reaction pathway, system.'® The optimized structures of the reaction intermedi-
and enzymatic reaction pathway.*® The distal mechanism was ate for nitrogen reduction over BiVO, and FeBiVO, by a distal
considered the most potential reaction pathway in the BiVO, mechanism are presented in Fig. 6a and b. Moreover, it has
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Fig. 6 Optimized structures of reaction intermediates in a distal
mechanism: (a) BiVO,4 and (b) FeBiVO,; (c) Gibbs free energy profiles of
nitrogen reduction over BiVO, and FeBiVO, catalysts by a distal
mechanism.

been reported that N, molecules can only be adsorbed on the
(0 4 0) plane of BivVO,."® Herein, we focus on the nitrogen
reduction reaction occurring on the (0 4 0) plane of BiVO, and
FeBivVO,, respectively. When BiVO, is involved in the nitrogen
reduction reaction, the adsorption and reduction of N, mole-
cules occur at the Bi sites, while the V sites are almost not
directly involved. During the nitrogen reduction reaction of
FeBiVO,, the adsorption and reduction of N, at the active sites
are mainly related to the V sites, which may be due to the bionic
effect of FeV formed by Fe doping. This effect can promote the
adsorption and activation of N, molecules, and the formed V>*/
V*" and Fe*'/Fe”" redox couples can promote the continuous
transfer of multiple electrons/protons (Fig. S51).
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Fig. 6¢c shows the Gibbs free energy profiles of nitrogen
reduction over BiVO, and FeBiVO, catalysts by a distal mecha-
nism. For the nitrogen reduction reaction of BiVO,, three steps
are involved in the increase of the Gibbs free energy. The first
step is the hydrogenation of the adsorbed N, molecules (eqn
(4)), increasing the free energy by 4.76 eV. The second step is
the release of the first NH; (eqn (7)), and the free energy is
increased by 3.68 eV. The third step is the release of the
second NH; (eqn (10)), and the free energy is increased by 3.87
eV. Except for these three steps, the remaining nitrogen
reduction processes are exergonic. It can be found that the
rate-determining step of the nitrogen reduction reaction by
BiVO, is the generation of the *NNH intermediate (eqn (4)).
Although the increase in Gibbs free energy also has three steps
for the nitrogen reduction reaction of FeBiVO,, the rate-deter-
mining step changed to the generation of the first NH; (eqn
(7)), and it also has a lower AG value of 3.50 eV than that of
BiVO, (3.68 eV). The DFT results showed that the design of the
bionic FeV made the hydrogenation of N, (eqn (4)) no longer a
decisive step in the catalytic system, indicating that the con-
struction of FeV active centers is conducive to the activation
and hydrogenation of N, molecules, thus effectively accelerat-
ing the conversion of N, to NH;. Each basic reaction step can
be written as follows. The corresponding equations for the
change in Gibbs free energy are as follows.

N, + * — *NN (3)

*NN + H — «NNH (4)
*NNH + H — *NNH, (5)
*NNH, + H — *NNH; (6)
*NNH; + H — «NH + NH; (7)
*NH 4+ H — *NH, (8)
*NH, + H — «NH; (9)
*NH; — * + NH; (10)

Subsequently, the above calculation results were verified
experimentally, and the synergistic effect of Fe doping and 2D
BP decoration was further explored. Fe doping and BP decora-
tion greatly improved the photocatalytic activity of BiVO,. This
improvement is usually due to the increased specific surface
area, enhanced charge separation, and improved light absorp-
tion. As mentioned above, Fe doping hardly affects the specific
surface area of the BiVO, catalysts, while BP can significantly
increase the specific surface area of the BiVO, and FeBivO,
catalysts by promoting the dispersion of the BiVO, nano-
particles (Fig. S1 and Table S2%), thus increasing the number
of active sites required for the reaction.

More importantly, photocurrent response experiments were
performed and time-resolved photoluminescence (PL) spectra
were obtained to evaluate the photoinduced charge carrier
generation, separation, and transfer efficiency in the BiVO,
and FeBiVO,-0.05BP photocatalysts.”® As shown in Fig. 7a, the
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photocurrent intensities of Fe- or V-modified samples are
higher than that of pure BiVO,, and FeBiVO,-0.05BP showed
the strongest photocurrent intensity, indicating that both Fe
doping and BP decoration can greatly promote the generation
and transfer of photoinduced charge carriers. Furthermore,
electrochemical impedance spectroscopy (EIS) was applied to
study the influence of the Fe doping and BP decoration on the
impedance property of BiVO, (Fig. 7b). The FeBiVO4-0.05BP
curve corresponds to the smallest arc radius, which indicates
that the photo-generated carriers are subjected to the least re-
sistance during the transfer process. Compared with BP dec-
oration, the effect of Fe doping on impedance is significantly
greater, indicating that Fe doping may be the direct cause of
promoting continuous transfer of multiple electrons/protons
by the formed V>*/V*" and Fe**/Fe*".

As illustrated in Fig. S6,T the formula of 7, =

2
A.‘ri

is used
iTi

to calculate the average fluorescence lifetime, where the decay

in fluorescence intensity (I) with time (¢) is fitted by a phenom-

enological double exponential:>°

t—t t—1t
0)+A2 exp(i 0)
T1 Ty

The fluorescence life of FeBivVO,-0.05BP (8.29 ns) is about
3.5 times that of BiVO, (2.37 ns). In addition, the apparent
quantum efficiency (AQE) of the BivO, and FeBivVO,-0.05BP
samples is measured under 420 and 460 nm monochromatic

I=A, exp(f (11)

View Article Online
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light with intensities of 4.72 and 5.65 mW cm™>, respectively.
The AQE is calculated by the following formula:**

AQE — Ny, _ 6xthe number of evolved NH; molecules

— X 100%
Np the number of incident photons 0

(12)

The NH; yields of BiVO, and FeBiVO,-0.05BP were
measured after 2 h of light irradiation. The AQE of FeBiVO,-
0.05BP reached 2.53% at 420 nm and 1.22% at 460 nm,
respectively, which are significantly higher than that of BivVO,
(0.85% at 420 nm and 0.52% at 460 nm).

These results demonstrate that the inbuilt bionic FeV cofac-
tor not only adsorbs and activates N, molecules but also pro-
motes the electron transfer between redox couples (VZ*/V*" &
Fe**/Fe*") and N,, thus improving the efficiency of carrier sep-
aration. 2D BP decoration not only increases the active sites of
the nitrogen reduction reaction but also contributes to acceler-
ating the electron transport of the catalytic system.

Electron paramagnetic resonance (EPR) was used to detect
the sample’s structural characteristics and oxygen vacancies
(OV). As shown in Fig. 7c, almost no signal is observed for
BiVO, at g = 2.001, while two strong characteristic peaks
appeared for both FeBiVO, and FeBiVO,-0.05BP, which are
typical of oxygen vacancies.’® It is further confirmed that the
catalytic system generated coupled V** and Oy after the Fe
doping, which is consistent with the results of XPS. The
appearance of Oy can change the electronic structure of the
semiconductor and generate subbands.>® XPS valence band

Q071 ——BiVO, b - Co
——FeBIVO, = BNVO, 4 Y
061 ——FeBiVO,0.058P £ [ESGES O PO <
£, —Bvo00s8P 4 FeBIVO-0.058P R o .
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g 60 - 4 A ® v "
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(@) Photocurrent response and (b) electrochemical impedance spectroscopy (EIS) tests of BiVO,, FeBiVO,, BiVO4-0.05BP and FeBiVO,-

0.05BP; (c) EPR spectra and (d) XPS valence state spectra of BiVO,, FeBiVO, and FeBiVO4-0.05BP.
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Fig. 8 Schematic diagram of the nitrogen reduction mechanisms over the FeBiVO,4-0.05BP photocatalyst.

spectra are used to characterize the approximate valence band
(VB) location in the photocatalysts, as shown in Fig. 7d. The
VB values of BivO,, FeBivO,, and FeBiVO,-0.05BP are almost
the same, indicating that Fe doping and BP decoration had
little effect on the VB of BiVO,. The DRS results show that Fe
doping has the most obvious effect on the band gap (Fig. S77),
indicating that the Oy caused by Fe doping moves down the
conduction band (CB) of the semiconductor catalytic system to
a certain extent, thus leading to a decrease in the band gap
when the VB value remains unchanged.

Based on the above results, the internal mechanisms of Fe
doping and 2D BP decoration in regulating photocatalytic
nitrogen reduction are summarized, as shown in Fig. 8. Fe
doping induces lattice distortion to form the Fe**/Fe*" and V>'/
V** redox couples (“FeV-cofactor”), which not only adsorbs and
activates N, molecules but also promotes the electron transfer
between “FeV-cofactor” and N,; appropriate 2D BP decoration
can not only increase the active sites of the reaction but also
facilitate the rapid electron transfer in the process of nitrogen
reduction. In classical photocatalysis, electrons on VB are
excited and transferred to the conduction band (CB) to obtain
photoinduced electrons (ecg~) and form holes in VB (hyg'), as
shown in eqn (13). N, molecules are adsorbed onto the V sites
of the (0 4 0) plane in BiVO,, then capture ecg” and combine
with the V-O bond to form a stable adsorption structure
(V**@NN), as shown in eqn (14). At the same time, Fe** cap-
tures ecy” to form Fe®" (eqn (15). With the assistance of BP,
the reductive V**@NN and the equally reductive Fe** react with
the free H' to form NH; (eqn (16). At this point, hyg" can react
directly with H,O molecules to form O, (eqn (17)).

. h
Semiconductor — eg,+hyy (13)

chemical adsorption

V3 N, +egg Vv @NN (14)
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Fe3T + ecg™ — Fe?' (15)

vt @NN+3F€2++6H+ electron transfer assisted by BP 3V5++3F63++2NH3
(16)
2H,0 + 4hygyt — 4H" + 0O, (17)

Moreover, the formation of Oy can form defect levels below
the CB, which can accommodate low-energy electrons excited
by low-energy light;”* and ecs~ in the CB can also be further
transferred to the Oy levels, significantly inhibiting the recom-
bination of charge carriers. Furthermore, with the introduction
of Oy, V atoms with lower coordination and high spin polariz-
ation become more favorable active sites.>®

Conclusion

In summary, a novel bionic “FeV-cofactor” system for photo-
catalytic nitrogen reduction was designed and prepared for the
first time, using Fe-doped BiVO, that is decorated with 2D BP
(FeBivO,-0.05BP). DFT calculations show that N, molecules
can be adsorbed and activated by Fe doping, forming the in-
built bionic “FeV-cofactor”. The experimental results further
confirms that the bionic “FeV-cofactor” system enhances elec-
tron transfer between redox couples (V>*/V** & Fe*"/Fe*") and
N,, thus improving the carrier separation efficiency. Oxygen
vacancies coupled with V** ions also contribute to increasing
light absorption. 2D BP decoration not only increases the
active sites of the nitrogen reduction reaction but also contrib-
utes to accelerating the electron transport within the catalytic
system. Thus, the FeBiVO,-0.05BP catalyst exhibits superior
photocatalytic nitrogen reduction activity with an NH; yield of
337.9 pmol g~' h™" (6.83 times that of BiVO,), making it one of
the best nitrogen-fixing materials among oxide-based
photocatalysts.
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