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In this paper, the novel 3D hollow Z-scheme heterojunction photocatalysts based on Bi,O3 and CoAl lay-
ered double hydroxides (Bi,O3;@CoAI-LDHs) were prepared for efficient visible-light-driven photocat-
alytic ammonia synthesis. The synthesized nanohybrid exhibits excellent photocatalytic ammonia
synthesis performance (48.7 pmol-L-"-h~') and structural stability, which is primarily attributed to the
fact that Z-scheme heterojunction significantly enhanced lifetime of photogenerated carriers (6.22 ns)
and transfer efficiency of surface photogenerated electrons (72.5%). Strict control experiments and nitro-
gen isotope labeling results show that nitrogen and hydrogen in the produced ammonia come from nitro-
gen and water in the reactant respectively. Electron paramagnetic resonance (EPR) experiments and
density functional theory (DFT) calculations further reveal that the built-in electric field due to the dif-
ference between Bi,O3; and CoAl-LDHs is the key to constructing the Z-scheme heterojunction. In addi-
tion, results of partial density of states (PDOS) show that Co in Bi03;@CoAI-LDHs composite is the
active site for photocatalytic N, fixation.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

bility and energy density than liquid H,, which means that it also
has a huge application potential in the field of fuel cells [1,2]. How-

Ammonia (NH3), as one of the most essential chemicals in the
world, has been widely used in agriculture, chemical and pharma-
ceutical fields. In addition, liquid ammonia has a higher transporta-
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ever, NH3 production in industry mainly relies on Haber-Bosch
process, which require conditions of high temperature (400-600
°C) and high pressure (20-40 MPa) with nitrogen and hydrogen
as raw materials. More seriously, the annual energy consumption
accounts for ~2% of the world’s total energy and 300 million tons
of CO, greenhouse gases are emitted in the Haber-Bosch process
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[3,4]. As the demand for NH3 grows, green, sustainable and eco-
nomical nitrogen fixation strategies are needed. In 1977, Schrauzer
et al. [5] first discovered that the TiO,-based photocatalysts can
achieve nitrogen fixation under ultraviolet light. Since then, the
photocatalytic nitrogen reduction reaction (NRR) is considered to
be a potential alternative to the industrial Haber-Bosch process.
Because the inexhaustible solar energy and water resources
instead of fossil fuels and hydrogen are used as the active electrons
and protons for nitrogen fixation in the photocatalytic NRR reac-
tion [6]. However, the bottom of the conduction band of the pho-
tocatalysts must be higher than the potential of N, reduction
(N2/NH3 = —0.0922 eV,N,/NHj = 0.273 eV vs. NHE) in order to sat-
isfy the thermodynamic conditions [7,8]. Therefore, the first prob-
lem that needs to be solved to achieve the photocatalytic NRR is to
find a suitable photocatalyst.

In recent years, layered double hydroxides (LDHs) have gained
heightened attention in photocatalytic nitrogen reduction reaction
(pNRR) due to their unique structure and suitable energy band
structure [9,10,11]. More importantly, the photogenerated elec-
trons on the conduction band of LDHs have a strong reduction
potential, which is conducive to the occurrence of the NRR reaction
[12,13]. However, the low carrier transport rate and high carrier
recombination greatly limit performance of pNRR [14]. Studies
have shown that the construction of Z-scheme heterojunction
inspired by natural photosynthesis can be an efficient method to
mitigate the recombination of photo-generated carriers and pro-
mote the transportation of hot electrons [15,16]. The electron
migration mechanism of Z-scheme heterojunction is shown in
Fig. S1[17,18]. The electrons on the conduction band (CB) of semi-
conductor B recombine with the holes on the valence band (VB) of
semiconductor A, with the result that the photo-generated elec-
trons are mainly enriched in the CB of semiconductor A and the
holes are mainly enriched in the VB of semiconductor B. This spe-
cial electron transfer path implements the efficient separation of
photo-generated carriers in space, which exhibits stronger oxida-
tion potential and reduction potential compared with the single
photocatalyst and the traditional Type-II heterojunction [19]. Thus,
the problem of photogenerated carrier recombination can be effec-
tively solved by finding another semiconductor photocatalyst to
construct a Z-scheme heterojunction.

Bismuth oxide (Bi,03) is considered to be one of the extremely
promising photocatalysts because of its low cost, non-toxicity, and
strong light absorption properties [20,21]. However, the photocat-
alytic activity of pure Bi,Os; usually has slow electron transport
speed and low photocatalytic performance, while it is preferable
to fabricate the heterojunction photocatalysts, in which the hybri-
dized semiconductor will efficiently separate the photogenerated
electrons/holes to enhance its photocatalytic performance. It is
worth noting that the band structure of Bi,Os3 is very suitable for
constructing Z-scheme heterojunctions, such as Bi,03@CoO [22],
Bi@Bi,03/g-C3N4 [23], BiS3/Biz03/Znln,S,4 [24]. Based on the above
analysis, it can be inferred that the Z-scheme heterojunction pho-
tocatalyst constructed of LDHs and Bi,Os may not only achieve the
efficient separation of photo-generated electrons and holes, but
also retain the more reductive photo-generated electrons for NRR.

In this paper, a novel 3D Bi,03;@CoAl-LDHs Z-scheme hetero-
junction photocatalysts with a core-shell structure were produced
by in-situ growth method. The design of Bi,Os@CoAl-LDHs is inge-
nious: (1) Bi,03 and LDHs nanosheets are contact to form a core-
shell heterojunction, which could ameliorate the separation effi-
ciency of carriers and accelerate the accumulation of photogener-
ated electrons on LDHs. (2) LDHs nanosheets act as an electron
enrichment site and a shell of the catalyst, which is beneficial to
the adsorption and activation of N,. The experimental results show
that Bi,03@CoAIl-LDHs exhibits significantly enhanced photocat-
alytic nitrogen fixation activity compared with pure hollow Bi;03
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and LDHs. The phase separation efficiency, interface migration effi-
ciency and migration efficiency of surface photo-generated carriers
in the photocatalyst are studied in detail by photoluminescence
spectroscopy (PL), time-resolved photoluminescence spectroscopy
(TRPL), transient photocurrent spectroscopy (Transient photocur-
rent response) and electrochemical impedance spectroscopy
(EIS). In addition, density functional theory calculations (DFT) sys-
tematically dissect the formation mechanism of the electron trans-
port path of Z-scheme mechanism and the active sites of the N,
fixation reaction.

2. Experimental section
2.1. Materials

Bi(NO3)3-5H,0 (>99.0%), glycerin (>99.5%), Co(NOs3),-6H,0
(>99.0%), AI(NOs3)3-9H,0 (>99.0%), Urea (>99.5%) and NH4F
(>98.0%) were obtained from Aladdin Chemical Reagent Co., Ltd.
NaOH (98%) and Na,CO3 (99.5%) were purchased from Hangzhou
Huadong Medicine Group Co, Ltd (China). All reagents were used
without further purification.

2.2. Synthesis of hollow Bi,03

3 mmol of Bi(NO3)3-5H,0 was dissolved in 20 mL mixed solu-
tion of ethanol and glycerol (the volume ratio of ethanol to glycerol
was 1:1) and stirred for 10 min. Subsequently, the suspension was
transferred to a 50 mL Teflon-lined stainless steel autoclave at 160
°C for 3 h. When the reaction was completed, the as-obtained pre-
cursor of BiO3 were collected by centrifugation, and then washed
for several times with distilled water and ethanol. Finally, the pre-
cursor of Bi,O3 powder was calcined in air at 270 °C for 2 h (2 °C/
min) to obtain hollow Bi,Os.

2.3. Synthesis of CoAl-LDHs

CoAl-LDHs was prepared by co-precipitation method. 60 mmol
Co(NO3),-6H,0 and 20 mmol AI(NOs3);-9H,0 were dispersed in
100 mL ultrapure water as solution A (nce/na = 3:1). 80 mmol
NaOH and 5 mmol Na,CO3; were dispersed in 100 mL ultrapure
water as solution B. Solution A and B were added drop-by-drop
into a 500 mL three-neck flask containing 50 mL ultrapure water
and kept the pH at range of 9.0-9.2 with vigorous stirring. Subse-
quently, the reaction slurry was aged at 85 °C for 18 h. After that,
the precipitate was collected by centrifugation (8000 rpm for
5 min) and washed with ultrapure water until reaching pH = 7.
Finally, the LDH was obtained after drying at 80 °C for 24 h (noted
as LDHs).

2.4. Synthesis of Bi,03;@CoAl-LDHs Z-scheme heterojunction
photocatalysts

The synthesis process and structure diagram of Bi,Os;@CoAl-
LDHs photocatalysts are shown in Fig. 1a [25]. Amount of Bi,03
(Bi,03/AI** mole ratio = 0.5, 1, 2), 0.9 mmol Co(NOs);-6H,0,
0.3 mmol AI(NO3)3-9H,0, 3 mmol urea, 1.2 mmol NH4F were dis-
persed in 15 mL ultrapure water and ultrasonically dispersed for
15 min. After that, the obtained solution was moved to a 50 mL
Teflon-lined stainless steel autoclave at 100 °C for 10 h. After cool-
ing naturally to room temperature, the final product was isolated
by centrifugation, washed with ultrapure water and ethanol sev-
eral times, and vacuum dried at 80 °C overnight. The samples were
denoted as BO@CA-0.5, BO@CA-1 and BO@CA-2, respectively. Note:
the catalyst of BO@CA used in the following characterizations, pho-



S. Xia, G. Zhang, Z. Gao et al.

aO

B-Bi,O; precursor

270 °C, 2h

calcmed

Journal of Colloid and Interface Science 604 (2021) 798-809

Co**, AP,
NH,F, urea

100 °C, 10h

Position / ym

Fig. 1. Synthesis and characterization of BO@CA. Schematic illustration for synthetic route of BO@CA (a); TEM image of Bi,O3 precursor (b); TEM image of Bi,O3 (c); SEM
image of BO@CA (d); TEM images of BO@CA (e and f). HRTEM image of BO@CA (g); Element mapping images and line scan of BO@CA (h). Note: Bi,O;@LDHs in picture a is

shorten as BO@CA, BO@CA means BO@CA-1 catalyst.

tocatalytic nitrogen fixation or mechanism discussion means
BO@CA-1.

2.5. Characterizations

The crystal structure was determined by X-ray diffractometer
(XRD, Persee XD-6) with Cu Ko radiation (wavelength of
0.15418 nm) and the data were obtained in the 26 range from 5°
to 70°. The UV-vis diffuse reflection spectra (DRS) were recorded
by Shimadzu-2600, with BaSO, as reflectance standard reference
(the scanning range was 200-800 nm). The morphology of the pho-
tocatalysts were analyzed by scanning electron microscopy (SEM,
Gemini 500) and transmission electron microscopy (TEM, Tecnai
G2 F30, 300 kV). The catalyst surface compositions and valence
band potential were measured by X-ray photoelectron spec-
troscopy (XPS, Thermo Fischer ESCALAB 250Xi, Al Ko, 12.5 kV,
16 mA, charge correction with C1s = 284.6 eV). The Photolumines-
cence (PL) spectra of the samples were analyzed on a Hitachi F-
4600 fluorescence spectrometer at room temperature, and the
excitation wavelength was 350 nm. A FS5 fluorescence lifetime
spectra (Edinburgh Instruments) was used to measure the time-
resolved transient PL decay curves of samples at an excitation
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wavelength of 325 nm. In the electron paramagnetic resonance
(EPR) experiment, the electron paramagnetic resonance spectrom-
eter (Bruker, A300) used 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) to capture the superoxide radical (‘O3 ) and hydroxyl rad-
ical ("OH).

2.6. Photoelectrochemical measurements

Transient photocurrent and electrochemical impedance spectra
of samples was performed via a Zahner PP211 using a standard
three-electrode system. In the standard three-electrode system, a
saturated calomel electrode (SCE) was utilized as reference elec-
trode and platinum wires were counter electrode, and the elec-
trolyte solution was 0.1 M Na,SO, solution. To make a working
electrode, catalyst powder was deposited on an indium tin oxide
(ITO) substrate. In brief, 10 mg sample is added to 10 mL ethanol
solution under ultrasonic for 30 min. Next it is coated on the pre-
pared clean ITO glass and dried in an oven at 80 °C for 1 h. A300 W
xenon lamp was used as the light source. The illumination time
interval was 20 s (the light is turned on for 20 s, and the light is
off for 20 s).
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Fig. 2. Characterization of Bi,03, LDHs and BO@CA photocatalysts: XPS survey (a); XRD patterns (b); UV-vis diffuse reflectance spectra (c) and plot of (ahv)? versus hv (d);
Steady state fluorescence spectra (e); electrochemical impedance spectroscopy (EIS) Nyquist plots (f); Transient photocurrent response (g). Time-resolved PL spectra (h).N,—
TPD of Bi,03, CoAl-LDHs and BO@CA samples (i). Note: BO@CA means BO@CA-1 catalyst.

2.7. Nitrogen photofixation reaction

The photocatalytic nitrogen fixation experiments were carried
out at room temperature and in N, atmosphere. Typically, 50 mg
of catalyst was dispersed in 150 mL of 0.25 M Na,SOs solution
(Na,SO3 was used as a sacrificial agent to consume photogenerated
holes). The sample was sonicated to form uniform suspension, and
then poured into a quartz reactor with pure N, (99.999%) bubbled
at a flow rate of 200 mL/min~! for 30 min in the dark. Subse-
quently, the reactor was sealed and irradiated under simulated vis-
ible light (with a cut off filter, 2 > 400 nm) using a 300 W Xenon
lamp (PL-X300D, 3.82 W/cm?). After reaction, the concentration
of ammonia ion (NH3) in the reactor solution was detected using
Nessler’s reagent (standard curve of Nessler’s reagent for detecting
NH} is shown in Fig. S2) [26]. In brief, 10 mL of the reaction solu-
tion was collected with a syringe every 15 min and centrifuged
immediately (8000 rpm, 10 min). Then, the centrifuged solution
was filtered through a 0.22 pum filter into a 10 mL colorimetric
tube. 200 pL of potassium sodium tartrate solution and 3000 pL
of Nessler’s reagent were added to the colorimetric tube one after
another. After mixing for 15 min, the absorbance was measured at

= 420 nm by Shimadzu UV-2600 spectrometer. Besides, the
by-product hydrazine (N,H,) was detected by 4-dimethylamino-
benzaldehyde reagent (Standard curve of 4-dimethylaminoben-
zaldehyde reagent for detecting N,H4 is shown in Fig. S3): the
10 mL reaction solution was taken out and centrifuged

801

(8000 rpm, 10 min). The centrifuged solution was filtered through
a 0.22 pm filter membrane into a 25 mL colorimetric tube, and
10 mL of p-dimethylaminobenzaldehyde solution was added. After
mixing for 20 min, and then the absorbance was measured at A =
458 nm by Shimadzu UV-2600 spectrometer [27].

2.8. Density functional theory calculations

Density functional theory (DFT) simulations were carried out
based on the Cambridge Sequential Total Energy Package (CASTEP)
[28]. Exchange-correlation energy was described by PerdueBurke-
Ernzerhof (PBE) version of the generalized gradient approximation
(GGA), and the projector augmented-wave (PAW) potential was
used to represent the core-valence electron interaction [29]. An
energy cutoff of 480 eV was used for the plane-wave expansion
of the electronic wave function. Bi;O3 (100) crystal plane was built
from the optimized Bi,O3 unit cell with lattice parameters of a = 7.
738 A,b=7.738 A, c=5.731 A, o= B =y = 90° and the correspond-
ing 1 x 1 x 1k-point mesh was modeled in the calculations (as dis-
played in Fig. S4). LDHs (003) crystal plane was built from the
optimized CoAl-LDHs nanosheet unit cell with lattice parameters
ofa=12.603 A, b=12597 A, c=34.094 A, 0. = p=90° v =119.8
3° and the corresponding 1 x 1 x 1 k-point mesh was modeled
in the calculations (as displayed in Fig. S5). In addition, the
heterostructure of Bi,O3; and LDHs was also constructed (as shown
in Fig. S6). A vacuum region of about 20 A was set to decouple the
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periodic replicas in the calculations of LDHs (003) crystal plane
and Bi;03 (100) crystal plane. The force tolerance, total energy,
maximum stress and maximum displacement for the relaxations
were converged to 0.1 eV A~!, 5.0 x 107> eV/atom, 0.2 GPa and
0.005 A, respectively.

3. Results and discussions
3.1. The morphology and element composition of the samples

The morphology and element composition of the samples can
be analyzed by SEM, TEM, HRTEM and mapping characterization.
As shown in Fig. 1b the morphology of the precursor of Bi,Os is a
solid sphere with a smooth surface and the diameter is ~2.1 pm.
The TEM of Bi,O5 (Fig. 1c) shows that a hollow spherical structure
with an outer layer of ~0.3 pm and an inner diameter of ~1.5 pm.
As displayed in Fig. 1d and e, a 3D composite material with a
flower-like surface and hollow spheres inside was synthesized
after LDHs nanosheets were grown in situ on the surface of
Bi»03. Comparing with the solid structure, the internal hollow
structure results in a shorter charge transfer path, which is benefi-
cial to the migration of photogenerated carriers between Bi,03 and
LDHs [30,31]. In addition, the thickness of the LDHs nanosheets are
~10 nm (as shown in Fig. 1f), which is conducive to exposing active
sites to to reduce N,. The lattice spacing and two-phase interface
can be observed in HRTEM image of BO@CA (Fig. 1g). The lattice
spacing of 0.318 nm and 0.260 nm are correspond to the (201)
crystal plane of Bi;Os; [32] and the (012) crystal plane of LDHs
[33], respectively. It can also be clearly seen that Bi, O, Co, and Al
are uniformly distributed in the selected area from the EDX map-
ping and line scan of BO@CA (Fig. 1h). In order to further analyze
the element composition of the catalyst, Bi03, LDHs and BO@CA
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were characterized by XPS. As depicted in Fig. 2a, the elements
of Bi, O, Co and Al appear in BO@CA, which is consistent with the
analysis results of mapping.

The XRD pattern of pristine Bi,03, LDHs and BO@CA are given in
Fig. 2b. It can be seen that pristine Bi,O3 retain high crystallinity
with diffraction peaks characteristic (JCPDS No0.78-1793) of
(201), (002), (220), (222), (400), (203), (421) and (402) [34].
The obvious characteristic diffraction peaks of (003), (006),
(012), (015) and (018) crystal planes are shown in XRD pattern
of LDHs, indicating that the sample is typical LDHs material (JCPDs
No0.51-0045) [35]. It is worth noting that the characteristic diffrac-
tion peaks of Bi,O3 and LDHs are appeared in XRD pattern of
BO@CA. Thus, the results of TEM, XPS and XRD illustrates that
the 3D core-shell BO@CA composite photocatalyst is successfully
synthesized.

3.2. Optical and photoelectric properties

The photo-absorption properties is a key factor affecting photo-
catalytic performance. Therefore, the optical properties of samples
was investigated by UV-vis DRS (Fig. 2c). LDHs has obvious
absorption at visible light, and there are three absorption peaks
at 445 nm, 485 nm and 528 nm. An interesting phenomenon is that
the visible light absorption peaks similar to LDHs are appeared in
BO@CA, impling the LDHs plays a key role in enhancing visible
light absorption. Besides, The band gap (Eg) of Bi,O3, LDHs and
BO@CA can be calculated by the Kubelka-Munk function: [36,37]

(hv) = A(hv — E;)'? (1)

where «, h, v, A, and E; are indicative to the absorption coefficient,
Planck’s constant, light frequency, constant value, and band gap,
respectively. As shown in Fig. 2d, the band gaps of Bi,0s3, LDHs
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and BO@CA are 2.22 eV, 1.99 eV and 1.93 eV, respectively, suggest-
ing that BO@CA is more likely to be excited by incident light to gen-
erate photo-generated carriers.

Photo-generated electron-hole pair separation and transfer effi-
ciency is an another significant factor in evaluating photocatalytic
performance. Therefore, a series of photoelectrochemical measure-
ments were performed to investigate the separation and transfer
efficiency of photo-generated carriers. Fig. 2e illustrates a compar-
ison of the PL spectra for pure Bi,O3;, LDHs and BO@CA. The PL
intensity of the peaks decreases sharply after the heterojunction
is formed between LDH and Bi,Os. This phenomenon indicates a
significantly suppressed recombination of photogenerated charge
carriers which benefits the electron-hole separation [38]. In addi-
tion, the EIS and the transient photocurrent response were per-
formed to explore the photoelectric properties of the
heterojunction interface. As shown in Fig. 2f, the EIS Nyquist radius
of BO@CA is the smallest, indicating that BO@CA is more conducive
to separation of carriers [39]. Meanwhile, BO@CA displays the lar-
gest photocurrent response value (Fig. 2g), revealing the higher
separation efficiency of electron-hole pair [40]. It is also observed
from the time-resolved fluorescence decay spectroscopy (TRPL,
Fig. 2h), BO@CA exhibits a remarkably long average fluorescence
lifetime (T = 6.22 ns) with reference to Bi,O3 (4.55 ns) and LDHs
(4.50 ns), which promotes the migration of photogenerated elec-
trons from the interface to the active site [41]. Based on the results
of photoelectrochemical characterizations, BO@CA has better visi-
ble light utilization, bulk electrons separation and interface elec-
trons transfer efficiency, suggesting higher photocatalytic N,
fixation performance.

Furthermore, the adsorption of N, molecules was mainly car-
ried out through temperature programmed desorption (TPD). The
results are shown in Fig. 2i. It can be found that when Bi,03 and

Journal of Colloid and Interface Science 604 (2021) 798-809

LDHs formed heterojunction composite (blue line in the figure),
the adsorption of N, was obviously enhanced, and the adsorption
peak shifted to a certain extent. The new adsorption peaks appear
at 380 °C, which indicates that the complex effect between Bi,03
and LDHs enhances the chemical adsorption between N, molecules
and the catalyst.

3.3. Photocatalytic N fixation performance and stability

In the experiments of photocatalytic nitrogen fixation, ultrapure
water is used as the hydrogen source for ammonia synthesis, high-
purity N, is used as the nitrogen source and Na,SOs is used as a
sacrificial agent to consume photogenerated holes [42,43]. The
results of experiments are shown in Fig. 3a, from which we can
see that BO@CA-1 exhibits best photocatalytic production of NH}
reached yield (97.4 pmolg ') after 2 h of illumination
(L > 400 nm). Then, its solar-to-ammonia (STA) energy-
conversion efficiency was also examined under AM 1.5G simulated
sunlight [44]. After 1 h of light, a total of 0.215 pmol ammonia
were evolved, so the STA value of BO@CA-1 was determined to
be 0.0013% (shown in SI). All samples are active for N, fixation with
the rates of NHsz evolution following the order BO@CA-1
(48.7 pmol-g~1-h~!) > BO@CA-2 (40.4 umol-g *-h!) > BO@CA-0.5
(36.8 pmol-g”-h™') > LDHs (21.5 umolg 'h™!) > Bi,03
(14.5 umol-g~"-h~1) (Fig. 3b). In addition, we compared the photo-
catalytic nitrogen fixation activity and experimental conditions
with those reported in other literatures. The results are listed in
Table S1. It can be seen that the photocatalytic activity of nitrogen
fixation catalyzed by BO@CA in this work has somewhat advan-
tages compared with many mainstream photocatalysts. The higher
reaction rate of composite catalyst possibly can be due to that the
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BO@CA Z-scheme heterojunction has photogenerated electrons
with stronger oxidizing ability, better visible light utilization, bulk
electrons separation and interface electrons transfer efficiency,
which is consistent with the results of the photoelectric perfor-
mance test of the samples (Fig. 2). In addition, the rate of by-
product N,H,4 evolution was detected in the photocatalytic N, fix-
ation experiment catalyzed by BO@CA (Fig. 3c). The rate of NHj is
about 147.6 times as much as the N,H,4 (0.33 umol-g~'-h™1), which
indicates that the BO@CA composite photocatalyst exhibits excel-
lent NH; selectivity. In addition, the photocatalytic N, fixation
experiments were repeated three more times to assess the
reusability and stability of the BO@CA (Fig. 3d). The cycling exper-
iment illustrates that BO@CA still retains efficient photocatalysis
after multiple runs. Besides, the SEM (Fig. S7) images reveal that
the morphology of BO@CA remain unchanged after photocatalysis
experiments, which collectively demonstrate that the prepared
BO@CA exhibits excellent stability of structure and photocatalytic
performance.

In order to confirm the accuracy of photocatalytic N, fixation,
we took BA@CA-1 as the model catalyst to conduct strict control
experiments (Fig. S8). When nitrogen was replaced by argon under
visible light and nitrogen was used in ammonia synthesis under
dark conditions, the amount of NH3 can be ignored. Furthermore,
in order to confirm that the hydrogen in the produced ammonia
is from water, we used other solutions (dimethylformamide and
acetonitrile) instead of water to carry out the experiment of pNRR
under the same conditions (Fig. S8). It was found that the ammonia
produced in the reaction solution of dimethylformamide (DMF)
and acetonitrile can be ignored. This confirmed that N and H in
NHj3 detected in this study came from N, photofixation rather than
other nitrogen sources and water, respectively. In addition, >N,
was used for isotope labeling. When there is only argon in the reac-
tion system, no signal appeared on the NMR spectrum (Fig. 4a).
When !“N, items were introduced, because the spin of N is
one, the NMR spectrum of N has three spin states (+1, 0 and
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—1), and its peak value is the triplet state with the coupling con-
stant of 52 Hz [45]. When only °N, item was introduced, the res-
onance spectrum splits into a double peak with a coupling constant
of 72 Hz, because the spin of >N is 1/2, which indicates that it is
spin-spin coupling [46]. Fig. 4b and d shows the UV-vis spectra
and corresponding mass spectra of indophenol solutions from
1N, or PN,. There are two peaks at m/z = 198.05 and m/
z = 199.05 in N, solution, which belong to indophenol anion.
For 'N,, the ratio of N to '°N is about 88/12 (Fig. 4c), while for
15N, the ratio of "N to >N is 24/76 (Fig. 4d). This further con-
firmed that the NH; detected in this study came from N, photofix-
ation rather than other nitrogen sources.

4. Photocatalytic mechanism
4.1. Band arrangement of catalysts

In order to explore the photocatalytic N, fixation mechanism of
BO@CA heterojunction photocatalyst, the energy band was ana-
lyzed. As shown in XPS-VB spectra (Fig. S9a), VB top of Bi,O3 and
LDHs are 2.05 eV and 1.25 eV, respectively. The CB bottom can
be calculated via using the Eq. (2): [47]

CBbuttum = VBtop - Eg (2)

Thus, the CB bottoms of Bi,O; and LDHs are -0.17 eV and -
0.94 eV, respectively, indicating the energy bands show a cross
arrangement (Fig. S9b). More significantly, the CB potential of the
Bi,Os and LDHs are more negative than the reduction potential
of N/NHj3 (-0.0922 eV), suggesting that the photocatalytic N, fix-
ation reaction is thermodynamically feasible.

4.2. Z-scheme electrons transfer mechanism and active site

We further discuss the Z-scheme electron transport mechanism
by electron paramagnetic resonance (EPR) results. As shown in
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Fig. S10a and b, under dark conditions, there was no signal of
DMPO-'OH and DMPO-"05 for Bi,O3, LDHs and BO@CA-1. Under
the condition of light (Fig. 5a and b), there is only DMPO-"OH sig-
nal, but no DMPO-"05 signal in the EPR test results of Bi,Os. The
valence band (hole) potential of Bi,O3 (2.05 eV) is higher than that
of OH ['OH (1.99 eV), and the photogenerated electron potential
(=0.17 eV) in conduction band is more positive than that of
0,/:03 (—0.33 eV) [48]. Similarly, because the potential of hole in
valence band (1.25 eV) of LDHs is lower than that of OH™/OH,
and the potential of photogenerated electron (—0.94 eV) on con-
duction band is more negative than that of 0,/°03, only the signal
of DMPO-'03 and no signal of DMPO-"OH appears in EPR test
results. In addition, it can be clearly seen that there are both signals
of DMPO-'OH and DMPO-"0; appeared in EPR result of BO@CA.
That results indicate that the BO@CA composite retains the valence
band (hole) of Bi,O3 with high oxidation ability, and also contains
the conduction band of photogenerated electrons in LDHs with
strong reduction ability. It also shows that the electron transfer
between Bi,03; and LDHs is not Type II heterojunction, but Z-
scheme heterojunction, that is, the photogenerated electrons
transfer from the conduction band of Bi,O3 to the valence band
of LDHs (Fig. 5¢c and d) [49,50].

Based on the characteristics that charges transfer from high
Fermi energy to low Fermi energy during the formation of hetero-
junction (charges rearrangement process), the work function of
Bi,O3 and LDHs can be calculated by using density functional the-
ory (DFT), and then the Fermi energy of Bi,Os and LDHs can be
obtained according to formula (3): [51,52]

EF = Evac *j (3)

where Er, ¢ and E, . represent Fermi energy, work function and vac-
uum energy (defined as 0 [53]), respectively.

The work function calculation results are shown in Fig. 6a and b.
the work functions of Bi,O3 and LDHs are 4.69 eV and 3.35 eV,
illustrating Fermi energy are —4.69 eV and —3.35 eV, respectively.
It is obvious that Er of LDHs is higher than Bi,0s. Therefore, the Ep
difference between the Bi;O; and LDHs promotes the charges
transfer from LDHs to Bi,O3 until the Er tends to be consistent.
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To further prove charge transfer between Bi,Os and LDHs, the
charge density of the BO@CA heterojunction can be calculated
(Fig. 6¢, red indicates negative charge and blue indicates positive
charge). It is evident that the charges transfer from LDHs to Bi;O3
in heterojunction. The analysis of charge density further confirmed
the existence of charges rearrangement process from LDHs to
Bi0s. The potential difference between Bi,Os and LDHs is formed
due to charge rearrangement of heterojunction between LDHs and
Bi,O3, which promotes the formation of a built-in electric field
(BIEF, the direction is LDHs — Bi,0s, as displayed in Fig. 6d). The
BIEF could induce the migration direction of photogenerated elec-
trons, which is opposite to the field strength of the built-in electric
field. Therefore, Z-scheme electrons transfer mechanism is con-
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structed that photogenerated electrons on the CB of BiyO5; will
migrate to VB of LDHs, with the result that the photo-generated
electrons are mainly enriched on the CB of LDHs and the holes
are mainly enriched on the VB of Bi,Os.

In addition, in order to further clarify whether the interfacial
charge transfer between Bi;O3 and LDHs conforms to the Type II
or direct Z-scheme heterojunction, the BO@CA sample was charac-
terized by in situ X-ray photoelectron spectroscopy (Fig. 6e and f).
In the absence of light, two peaks appear at 157.3 eV (Bi 4f;,) and
162.6 eV (Bi 4fs;,) for BO@CA. The binding energy of Bi 4f has a
slight positive shift (about 0.2 eV) under illumination, indicating
that the electron density of Bi 4f decreases under irradiation
(Fig. 6e). Meanwhile, two characteristic peaks at 780.1 (Co 2ps;2)
and 796.1 eV (Co 2py2) were observed in the absence of light
(Fig. 6f). The two peaks shifted negatively (about —0.2 eV) under
illumination, indicating that the electron density of LDHs in the
composite increased. The change of binding energy further con-
firmed the carrier migration path at the interface between Bi,03
and LDHs under irradiation [54]. More precisely, photogenerated
electrons migrate from Bi,Os; to LDHs, which is consistent with
the mechanism of direct Z-scheme heterojunction.

Z-scheme electron transport path in BO@CA photocatalyst was
confirmed by EPR and DFT calculation, that is, the transfer of pho-
togenerated electrons from the conduction band of Bi,O3 to the
valence band of LDHs. In other words, the reduction reaction takes
place in the conduction band of LDHs, while the oxidation reaction
takes place in the valence band of Bi,03. Because the conversion of
N, to NH3 is a reduction reaction, the conduction band of LDHs is
the site of photocatalytic nitrogen fixation. According to the refer-
ence that the active sites can be inferred by analyzing the energy
band composition of the catalyst [55,56]. As shown in Fig. 7a, for
the VB of Bi,O5 is mainly composed of 2p orbitals with Bi element,
while CB is mainly composed of 2p of O. In addition, VB of LDHs is
mainly composed of 2p orbitals with Al element, while CB is
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mainly composed of 3d of Co (Fig. 7b). According to the Z-scheme
electrons transfer mechanism, it can be inferred that the photogen-
erated electrons transfer from the O 2p orbital to the Al 2p orbital.
Notably, the photogenerated electrons involved in photocatalytic
N, fixation accumulate on the CB of LDHs (Co 3d orbital), suggest-
ing Co element is the active site for photocatalytic reaction. In
addition, the process of ammonia synthesis from nitrogen cat-
alyzed by BO@CA was further simulated and discussed. It is found
that N, is more likely to be adsorbed on the Co-top site (Fig. S11b
and c). Thus, combined with the above discusses, it can be inferred
that Co is the active site of photocatalytic nitrogen fixation.

4.3. Z-scheme heterojunction promotes the transfer efficiency of
photogenerated carriers

Based on the transient photocurrent test, the fast photogener-
ated electron scavenger KIO3; was added in the electrolyte to fur-
ther investigate the promoting effect of the BIEF on the transfer
efficiency of surface photogenerated carriers (#,qns)- The #;4,0f
the samples can be obtained by comparing the photocurrent with
and without the addition of the KIO3; (1 mM) in the electrolyte. The
relationship between photocurrent and #,,,,, is as follows: [57]

(4)

Jwaterand J o represent for the measured and the theoretical maxi-
mum photocurrent without electrons scavenger, respectively; #,,
Nsep aDd 1,4, TEPrEsent the light absorption efficiency, photogener-
ated carriers separation efficiency and transfer efficiency of photo-
generated surface carriers, respectively.

When KIOs is added to the solution, #,,,, is close to 100%:

Jwater :]mux “Maps * nsep *Nerans

.’I(IO3 :.]max “Maps * nsep -100% (5)
Thus, #,,4,scan be calculated by formula (6): [58]
Mtrans :}K103 x 100% (6)
water

where Jy, is the maximum photocurrent value detected when KIO3
is added.

As shown in Fig. 8a and b, the photocurrent density of Bi,Os is
increased from 0.51 pA cm~2 to 1.58 pA cm 2 and the photocur-
rent density of LDHs is increased from 0.15 pA cm 2 to 0.57 pHA
cm™2 after adding KIOs;. However, the photocurrent density of
BO@CA is increased from 9.34 pA cm 2 to 12.89 pA cm 2
(Fig. 8c). As shown in Fig. 8d, the #,,,is determined to be 26.3%,
32.3% and 72.5% for LDHs, Bi,03 and BO@CA, respectively, validat-
ing transfer efficiency of surface electrons promoted by fabrication
of Z-scheme heterojunction, which contributes to the enhanced
photocatalytic N, fixation performance.

4.4. Mechanism of photocatalytic N, fixation of Bi,03;@CoAl-LDHs Z-
scheme heterojunction

Based on above results, a photocatalytic N, fixation mechanism
of BO@CA direct Z-scheme heterojunction is proposed and as
shown in Fig. 9: (1) The band gaps of Bi,O3; and LDHs are 2.22 eV
and 1.99 eV, respectively. Thus, photogenerated electrons and holes
will be generated when excited by visible light, that is, photogener-
ated electrons are accumulated on the CB and photogenerated holes
are accumulated on the VB. (2) The photogenerated electrons on the
CB of LDHs will transfer to the VB of Bi, O3 and recombine with holes
via the induction of the BIEF. Photogenerated electrons with more
negative potentials and holes with more positive potentials are
accumulated on the CB of LDHs (Co 3d) and VB of Bi,O3 (Bi 6p),
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respectively, which implies that Co is the active site for the photo-
catalytic N, fixation reaction. More importantly, the BIEF can
greatly enhance average lifetime (6.22 ns) and surface transfer effi-
ciency of photogenerated electrons (72.5%). (3) Na,SO3 as a scav-
enger can quickly capture holes in the Bi,O3 valence band, while
LDHs nanosheets as enrichment sites of photogenerated electrons
and shell structure can effectively capture N; to generate NH3.

5. Conclusion

In summary, a 3D hollow Bi,03;@CoAl-LDHs (BO@CA) direct Z-
scheme heterojunction photocatalyst was synthesized and used
for photocatalytic N, fixation. The prepared BO@CA-1 heterojunc-
tion possesses enviable photocatalytic NHs; evolution property
with capability to generate NH; rate up to 48.7 umol h~'.g7.
The improved photocatalytic performance arises from the fact that
Z-scheme heterojunction with larger contact area and strong elec-
tron coupling effect stimulate photogenerated charge Kkinetics.
Notably, the surface migration efficiency of photogenerated elec-
trons in the Z-scheme heterojunction has been tested pioneeringly
(72.5%). Furthermore, this work reveals that the BIEF between
Bi»O3 and LDHs is the key to inducing the formation of a Z-
scheme heterojunction where the photogenerated electrons are
transferred from the O 2p orbital to the Al 2p orbital. Our approach
may also be potentially to activate other 3D core-shell Z-scheme
heterojunction systems for high photocatalytic N, fixation.
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