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A B S T R A C T   

Based on the characterizations of photo-deposition experiment, environmental transmission electron microscopy 
(ETEM) and scanning fluorescence X-ray microscopy (SFXM) for the in-situ photocatalytic nitrogen reduction 
reaction (pNRR) on different facets as well as theoretical calculation, we confirmed that the cycle of oxygen 
vacancy-V4+/V5+ (OV-V4+/V5+) on (040) facet is the exact active site for the photocatalytic NRR (pNRR) by 
bismuth vanadate (BiVO4) single crystal. V4+ plays the role of chemisorption of N2, V5+ is electron transfer 
bridge, and the photogenerated electrons trapped in OV provide the driving force for ammonia synthesis. (110) 
facet has only V5+, which can not produce the start-up step of chemisorption of N2, so it is the inert facet of 
pNRR. Thus, NRR activity increases linearly with the increase of (040)/(110) facet ratio by adjusting the active 
sites on (040) facet, and the highest activity can reach 103.4 μmol g− 1 h− 1 without sacrifice reagent. Based on the 
discussion of real active sites and their transformation in photocatalytic NRR by facet-dependent BiVO4, we not 
only analyze the essential reason why exposing specific facets can greatly improve the photocatalytic activity, 
but also put forward a new viewpoint on the activity control of photocatalytic ammonia synthesis.   

1. Introduction 

At present, Haber-Bosch process is the main industrial ammonia 
synthesis technology, which uses nitrogen and hydrogen as raw mate-
rials under the harsh conditions of high temperature (400− 600 ◦C) and 
high pressure (20− 40 MPa) [1,2]. The process not only has high energy 
consumption, but also emits a lot of greenhouse gases [3,4]. Therefore, it 
has always been one of the hot spots in the world for industrial and 
academic circles to realize the reduction of ammonia under mild con-
ditions [5]. In recent years, photocatalytic nitrogen reduction reaction 
(pNRR) technology is considered to be a potential alternative to indus-
trial Haber-Bosch process to produce NH3 [6,7]. NRR has significant 
advantages: (1) low energy consumption because of using clean solar 
energy; (2) mild reaction conditions, which can be carried out at normal 
temperature and pressure; (3) environmentally friendly, it uses water as 
hydrogen source instead of non-renewable fossil fuel required by 

Haber-Bosch process, which can reduce CO2 emissions [8–10]. Howev-
er, due to the inert molecular structure of N2 and the difficulty of 
dissociation of N–––N bond as well as the existence of high-energy in-
termediates (such as N2H), the photocatalytic synthesis of ammonia is 
still inefficient [11,12]. 

Recent studies have shown that the selectively exposed crystal sur-
face in photocatalyst can provide active center or active surface for 
photocatalytic reaction or catalyst supporting, which leads to the phe-
nomenon of crystal surface dependence [13,14]. For example, the (110) 
facet of Cu2O single crystal photocatalyst has photocatalytic activity for 
the reduction of CO2 to methanol, while the (100) surface shows inert 
[15]. Another example, photogenerated electrons and holes generated 
by light excitation of Bi3O4Cl are concentrated on (110) and (010) 
surfaces respectively, that is, the (110) facet of Bi3O4Cl tends to undergo 
oxygen evolution reaction, and (010) facet tends to undergo hydrogen 
evolution reaction [16]. In addition, it has reported that the cascade 
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energy band structure formed between the anisotropic co-exposed 
crystal faces can drive the efficient directional transportation of photo-
generated electrons and holes [17]. Therefore, accurate and reasonable 
exposure of the specific crystal surface of the catalyst is very important 
for greatly improving the photocatalytic activity and exploring the 
relationship between the surface properties and the catalytic perfor-
mance (structure-activity relationship). 

Although previous studies have shown that the photocatalytic ac-
tivity is positively correlated with the exposure degree of the active 
facets [18], there is no in-depth study on the microscopic real active sites 
on the active crystal surface [19]. Therefore, exploring the active sites in 
the active crystal surface is a breakthrough to understand the micro 
mechanism of photocatalytic reaction process. BiVO4 has the advantages 
of narrow band gap (≈2.3 eV) and easy synthesis of polycrystalline 
planes, which has been widely used in photocatalytic degradation of 
organic pollutants [20,21], photocatalytic reduction of CO2 [22,23] and 
photolysis of water [24,25], and so on. However, most of the studies are 
limited to the different crystal faces of BiVO4 which have different ef-
fects on the photocatalytic activity, and few studies have been done on 
the in-depth study of the catalytic mechanism, especially based on active 
cites [26,27]. Although the photocatalytic synthesis of ammonia with 
polyhedral BiVO4 has been reported, the structure-activity relationship 
of BiVO4 for photocatalysing NRR is still unclear [28,29]. More impor-
tantly, the active sites of BiVO4 in the process of photocatalytic ammonia 
synthesis and its transformation mechanism have not been reported. 

Thus, we synthesized a series of monoclinic bismuth vanadate 
(mBiVO4) with highly exposed (040) and (110) facets. The photo- 
deposition experiments and theoretical calculations of Ag and MnOx 
showed that photogenerated electrons accumulate in (040) facet and 
holes accumulated in (110) plane. That is, (040) facet is the active 
surface of pNRR reaction. More importantly, we found that pNRR ac-
tivity was approximately linearly correlated with the ratio of (040)/ 
(110) facet, which confirmed the feasibility of improving the photo-
catalytic activity by controlling the crystal face. We further used X-ray 
absorption near edge structure spectrum (XANES), environmental 
transmission electron microscopy (ETEM) and scanning fluorescence X- 
ray microscopy (SFXM) as well as DFT to study the active site of BiVO4, 
which showed that element V is the active site of the reaction. It in-
dicates that V4+ on BiVO4 (040) facet is the chemisorption site of pho-
tocatalytic nitrogen fixation, which is the starting step of nitrogen 
fixation reaction. The electrons trapped in oxygen vacancy are the 
driving force of photo reduction of N2, and V5+(040) is the "bridge" of 
photo generated electron transfer to N2. However, it has only V5+ on 
(110) facet, which can not produce the start-up step of chemisorption of 
N2, so it is the inert facet of pNRR reaction. 

2. Experimental 

2.1. Preparation of bismuth vanadate (BiVO4) 

BiVO4 with exposed (040) and (110) facets were prepared by con-
trolling the pH of the reaction system. The specific experimental steps 
are as follows: 5.0 mmol⋅L− 1 Bi(NO3)3⋅5H2O and 5 mmol NH3VO3 were 
dissolved in 30 mL HNO3 (2 M) and stirred for 30 min. Adjust the pH of 
the solution to 0.25, 0.5 and 0.75 with ammonia water and stir for 2 h. 
The above solutions were transferred to 100 mL Teflon lined stainless 
steel autoclaves respectively, and hydrothermal reaction was carried out 
at 200 ◦C for 24 h. After the reaction, the autoclave was cooled to room 
temperature, centrifuged, washed three times with deionized water and 
ethanol, and vacuum dried at 60 ◦C for 12 h. The prepared samples were 
recorded as BiVO4-1.0 (pH = 0.25), BiVO4-1.2 (pH = 0.25) and BiVO4- 
2.0 (pH = 0.25), respectively. Note: BiVO4-1.0, BiVO4-1.2 and BiVO4-2.0 
also correspond to the samples with facet ratios (S040/S110) of 1.0, 1.2 
and 2.0, respectively. 

2.2. Photo-deposition of Ag and MnOx 

AgNO3 and MnCl2⋅4H2O were used as precursors of Pt and MnOx, 
respectively. Methanol and KIO3 were used as hole and electron trapping 
agents. 100 mg photocatalyst was dispersed in 40 mL deionized water, 
and a certain amount of AgNO3 and MnCl2⋅4H2O (1 wt% deposition) 
were added. After that, 20 mL methanol and 10 mg KIO3 were added 
respectively, and the reaction was conducted under 300 W Xe lamp for 
1 h. Finally, the precipitates were collected, washed with deionized 
water and ethanol, and dried in vacuum for 12 h at 60 ◦C. 

2.3. Material characterization and photoelectric performance test 

The crystal structure of the catalyst was analyzed by PANalytical 
X’Pert PRO (K α radiation from Cu target, λ = 0.1541 nm, working 
voltage 40 kV, current 40 mA). Shimadzu-2600 was used to characterize 
the UV–vis diffuse reflectance spectroscopy (UV–vis DRS). The absorp-
tion properties of the materials to light were analyzed. The samples were 
scanned at 200− 800 nm with BaSO4 as the background. The 
morphology of the catalyst was characterized by scanning electron mi-
croscopy (SEM, Gemini 500, Zeiss company, Germany). The morphology 
and particle size of the catalyst were studied by Tecnai G2 F30 trans-
mission electron microscope (TEM), the accelerating voltage was 
300 kV. The chemical composition and valence state of the catalyst were 
analyzed by X-ray photoelectron spectroscopy (XPS) using Thermo 
Fischer ESCALAB 250Xi instrument. The excitation source was Al kα, the 
working voltage was 12.5 kV, the filament current was 16 mA, and the 
charge correction was performed with C1 s = 284.8 eV binding energy. 
The K-edge X-ray near edge structure spectra (XANES) of vanadium 
were measured at BLl2B-a line station of China National Synchrotron 
Radiation Laboratory (Hefei), with an energy range of 100− 1000 eV and 
an energy resolution of 0.1 eV. During the measurement of XANES, the 
powder sample adheres tightly to the conductive substrate with random 
orientation. Energy calibration was performed by using the first deriv-
ative point of the XANES spectrum of V (K-edge = 5463.76 eV). 
ATHENA software package was used for data processing and analysis. 

The photocurrent curve and electrochemical impedance spectros-
copy (EIS) of the samples were performed by Zahner PP211 (Germany) 
electrochemical workstation. In the standard three electrode system, 
0.5 M sodium sulfate solution was used as electrolyte, saturated calomel 
electrode (SCE) was used as reference electrode, platinum wire as 
counter electrode, and sample film coated on indium tin oxide (ITO) 
glass was used as working electrode. Weigh 10 mg of powder sample and 
disperse it in 2 mL ethanol solution, ultrasonic for 30 min to form a 
uniform suspension, and then drop it on ITO glass (1 × 2 cm2). The 
working electrode was dried in an oven at 80 ◦C for 1 h, and then the 
photoelectric test was carried out. The light source of the electro-
chemical photocurrent test is a xenon lamp of 300 W, and the illumi-
nation time interval is 20 s (turn on the lamp for 20 s and turn off the 
lamp for 20 s). The surface photovoltage test equipment consists of a 
lock-in amplifier (SR830) light chopper, and the monochromatic light is 
provided by a 500 W xenon lamp through a monochromatic grating 
instrument. Time-resolved photoluminescence (TRPL) measurement 
were performed by a Time-Correlated Single Photon Counting (TCSPC) 
module (PicoQuant TimeHarp-260) combined with an Avalanche Photo- 
Diode (MPD SPAD) through a spectrograph. 

2.4. Nitrogen reduction experiment 

A 300 W Xe lamp (PL-X300D, 200− 800 nm) was used to test the 
photocatalytic activity of BiVO4. A filter was used to ensure the wave-
length of incident light in the range of 400− 800 nm. The general 
experimental process of photocatalytic nitrogen reduction reaction 
(pNRR) was as follows: 10 mg catalyst was dispersed in 50 mL ultra pure 
water, and then poured into the quartz reactor (the cover made of quartz 
material and the reactor were sealed with sealing ring to prevent gas 

G. Zhang et al.                                                                                                                                                                                                                                  



Applied Catalysis B: Environmental 296 (2021) 120379

3

leakage). Under dark condition, high purity N2 was bubbled for 30 min 
to obtain saturated N2 aqueous suspension (50 mL/min). Then turn on 
the light source for photocatalytic experiment (the device is shown in 
Fig. S1). After a certain reaction time, 2 mL of the reaction solution was 
centrifuged, and the supernatant was filtered into the colorimetric tube 
with 0.22 μm membrane. Then, 100 μl of 50 % potassium sodium 
tartrate solution by volume was added into the colorimetric tube, and 
150 μl Nessler’s reagent was added to the tube for aging for 12 min. 
Finally, the absorption value at 420 nm was recorded and compared 
with the calibration curve by UV-2600 spectrophotometer (Shimadzu) 
(Fig. S2), the concentration of NH4

+ could be calculated. The experiment 
of photocatalytic ammonia synthesis activity of each catalyst was 
repeated three times, the average value was taken and the deviation was 
calculated. 

The detection process of the main by-products (hydrogen, oxygen 
and hydrazine) is as follows: gas chromatography (GC) is used to detect 
hydrogen and oxygen in products. The instrument used is Shimadzu GC- 
9A, the detector is thermal conductivity detector, using 0.5 nm molec-
ular sieve column, the carrier gas is Ar. The color reagent used in the 
determination of hydrazine was a mixture of p-dimethylamino-
benzaldehyde (5.99 g), concentrated hydrochloric acid (30 mL) and 
ethanol (300 mL). The yield of hydrazine was calculated by measuring 
the absorbance at 460 nm with UV–vis spectrophotometer (Type 752). 

The estimation of apparent quantum yield (AQY): taking BiVO4-2.0 
as an example, AQY of photocatalytic ammonia synthesis was measured. 
A series of single wavelength filters (VUCUT-400 nm to 700 nm) were 
used to ensure the corresponding single wavelength incident light driven 
pNRR experiments. AQY of photocatalytic reaction at different wave-
lengths is calculated by the following Formula (1):  

AQY = (6 × [NH4
+])/(number of incident photos) × 100 %                    (1) 

The process of nitrogen isotope labeling experiment is as follows: 
10 mg catalyst was dispersed in 50 mL ultrapure water solution, and 
15N2 gas was continuously injected until saturation. Turn on the light 
source and irradiate for 2 h. Then, 4 mL of the reaction solution was 
taken from the catalytic reactor, filtered through 0.22 μm membrane, 
and acidified with 0.05 mol/L dilute sulfuric acid to pH = 2. Then, 1 mL 
of the above reaction solution was added with 0.2 mL of heavy water, 
and the hydrogen spectrum was determined by NMR spectrometer. 

3. Results and discussion 

3.1. Structural characterizations of BiVO4 with different facet ratio of 
(040)/(110) 

XRD curves (Fig. 1a) show that all diffraction peaks of the three 
samples well correspond to the standard card of BiVO4 (JCPDs card NO: 
014-0688), indicating that the synthesized samples are pure phase [30, 
31]. The ratio of diffraction peak intensities of (040) and (110) planes in 
three BiVO4 samples gradually increased from 1.04 to 1.22 and 2.02. 
The UV–vis diffuse reflectance spectra (UV–vis DRS) curve shows that 
three materials have obvious absorption in the visible region (especially 
in the range of 500 nm–800 nm), and the absorption intensity is 
BiVO4-2.0 > BiVO4-1.2 > BiVO4-1.0 (Fig. S3a). The band gap of three 
BiVO4 has little difference, which is about 2.3 eV (Fig. S3b) [32]. TEM 
image (Fig. 1b) confirmed that the synthesized BiVO4 was decahedral 
structure (BiVO4-2.0). HRTEM image of Fig. 1c indicates that the lattice 
distance of 0.295 nm, 0.475 nm and 0.218 nm, corresponds to the (040), 
(110) and (112) facets of BiVO4, respectively [33,34]. The additional 
HRTEM image (Fig. S4) clearly and intuitively indicates the (112) facet 
and the corresponding lattice spacing in BiVO4. High angle annular dark 

Fig. 1. XRD curves of BiVO4 samples with different facet ratios (a); TEM image of BiVO4-2.0 (c); HRTEM image of BiVO4-2.0 (c); HAADF-STEM image as well as 
elemental mapping of BiVO4-1.0 (d). 
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field scanning transmission electron microscopy (HAADF–STEM) and 
corresponding element mapping tests (Fig. 1d) show that the main ele-
ments in BiVO4 are Bi, V and O. 

A series of SEM images for BiVO4 synthesized in different conditions 
clearly show that all BiVO4 samples are decahedral structure with highly 
exposed (040) and (110) facets (Fig. 2). In particular, the thickness of 
BiVO4 decreases, which means that the (110) facet is continuously 
compressed, while the (040) facet is expanding, that is, the ratio of 
(040)/(110) (S(040)/S(110)) is increasing. From BiVO4-1.0 to BiVO4-2.0, 
the thickness of BiVO4 is gradually compressed, i.e., the ratio of S(040)/ 
S(110) increases from 1.02 to 2.00 (Fig. 2g–i, Fig. S5 and Tables S1–S3 
show the details for calculation of S(040)/S(110)). This is consistent with 
the results of XRD that the ratio of diffraction peak intensity of (040) and 
(110) of BiVO4 increases gradually (I040/I110 = 1.04–2.02). It is fully 
proved that BiVO4 samples with different S(040)/S(110) were synthesized. 

3.2. Photocatalytic ammonia synthesis and photoelectric performance test 

In order to study the facet-dependence of photocatalytic activity, 
BiVO4-1.0, BiVO4-1.2 and BiVO4-2.0 were used for pNRR without 
sacrificial reagent. It can be seen from Fig. 3a that NRR activity of 
BiVO4-2.0 is the highest, and NH3 generation rate is 103.4 μmol g− 1 h− 1, 
which is about 1.93 and 1.58 times of BiVO4-1.0 (53.54 μmol g− 1 h− 1) 
and BiVO4-1.2 (65.54 μmol g− 1 h− 1). In particular, there is a linear 
relationship between the activity of ammonia generation and the ratio of 
facets, which indicates that the activity depends heavily on the ratio of 
exposed S(040)/S(110). The photocatalytic activity of ammonia synthesis 
by different BiVO4 was also tested, when the reaction lasted for 12 h. The 
results show that the yield of ammonia increases linearly with time 
(Fig. 3b). Moreover, we took BiVO4-2.0 as an example to conduct strict 
control experiments (Fig. 3b) [35–37]. 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. In addition, 
15N2 was used for isotope labeling (Fig. 3c). When only argon was 

introduced, the NMR spectrum has no signal. When 14N2 was intro-
duced, since 14N is spin 1, there can be three spin states (+1, 0, − 1), 
which makes the peak value become a triplet state with a coupling 
constant of 52 Hz [36]. When only 15N2 was introduced, the resonance 
splits into a double peak with a coupling constant of 72 Hz, because 15N 
is spin 1/2, which shows spin-spin coupling [36]. 

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. S6). It was found that the ammonia 
produced in the reaction solution of dimethylformamide (DMF) and 
acetonitrile can be ignored. This further confirmed that N and H in NH3 
detected in this study came from N2 photofixation rather than other 
nitrogen sources and water, respectively. According to the literature, 
hydrogen, oxygen and hydrazine are the main by-products in the pho-
tocatalytic synthesis of ammonia [38]. The relationship between the 
yields of H2 and O2 measured by gas chromatography and time is shown 
in Fig. S7 (BiVO4-2.0 as the model catalyst). It can be seen that the yield 
of H2 and O2 is much lower than that of NH3, and the yield ratio of NH3 
and O2 is approximately 4:3. When the solution after 2 h of reaction was 
mixed with the color reagent for hydrazine, it was found that the color 
did not change, indicating that no hydrazine hydrate was produced in 
the system (Fig. S8). The apparent quantum yield (AQY) of BiVO4-2.0 is 
shown in Fig. S9. It can be seen that AQY value is in good agreement 
with UV–vis DRS curve, which fully indicates that the reaction of ni-
trogen reduction to ammonia is caused by the absorbed incident light. 

In addition, the photocurrent density of BiVO4-2.0 was significantly 
higher than that of BiVO4-1.0 and BiVO4-1.2, indicating that the expo-
sure of (040) facet contributes to the occurrence of pNRR (Fig. 3d). In 
order to further verify the facet-dependence of pNRR electrochemical 
impedance spectroscopy (EIS) and surface photovoltage spectroscopy 
(SPV) were used to analyze the degree of charge separation in bulk 
phase. As shown in Fig. 3e and f, BiVO4-2.0 has the minimum electro-
chemical impedance and the strongest SPV signal, indicating that it has 

Fig. 2. SEM images and the relative diagram of crystal face ratio for BiVO4: BiVO4-1.0 (a-c); BiVO4-1.2 (d-f); BiVO4-2.0 (g-i).  
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the highest bulk charge separation (BCS) efficiency [39]. A series of 
photoelectrochemical characterization showed that with the increase of 
S(040)/S(110) ratio, the photocurrent signal and the surface photovoltage 
signal increased gradually, and the electrochemical impedance value 
decreased. This means that the exposure of (040) facet contributes to the 
directional transportation of carriers, and more photogenerated elec-
trons participate in pNRR. In addition, time-resolved photo-
luminescence (TRPL) measurements show that the average decay time 
of BiVO4-1.0, BiVO4-1.2 and BiVO4-2.0 are 1.69 ns, 2.55 ns and 7.66 ns, 
respectively (Fig. S10 and Table S4). It further shows that the 

separation efficiency of electrons and holes in BiVO4 increases with the 
increase of S(040)/S(110) ratio. 

3.3. Photocatalytic reaction mechanism 

3.3.1. Oxygen vacancy (OV) 
The full spectrum of XPS (Fig. 4a) shows that BiVO-1.0, BiVO-1.2 and 

BiVO-2.0 are composed of Bi, V and O. The high-resolution spectrum of 
O1 s can be divided into three peaks (529.5 eV, 530.4 eV and 532.1 eV) 
(Fig. 4b), which correspond to the lattice oxygen (OL), the hydroxyl 

Fig. 3. The activity of NH3 formation of BiVO4 samples with different facet ratio (a); the variation of NH3 yield from three BiVO4 samples over time (b); the results of 
15N2 isotope labeling by NMR spectrum (c); photocurrent characterization of BiVO4 samples (d); electrochemical impedance spectroscopy (EIS) tests of BiVO4 
samples (e), and surface photovoltage spectra (SPV) of BiVO4 samples (f). 
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region bonded with metal cations under anoxic condition (oxygen va-
cancy, OV) and the oxygen chemically adsorbed or dissociated from 
water molecules (OC), respectively [40,41]. Particularly, the content of 
oxygen vacancies increases with the increase of the proportion of (040) 
facet, which indicates that the exposure of (040) facet is beneficial to 
increase the content of oxygen vacancies. In addition, it can be clearly 
seen from the Raman spectra that except for the typical Raman spectra of 
monoclinic BiVO4 at 210.4, 320.5, 368.5, 707.8 and 828.6 cm− 1 

(Fig. 4c), there are oxygen vacancy peaks at the frequency of 639.4 cm− 1 

in BiVO4-1.0, BiVO4-1.2 and BiVO4-2.0, and the intensity gradually in-
creases, indicating that the concentration of oxygen vacancy gradually 
increases [42]. This is consistent with the result of O 1s. In addition, 
electron paramagnetic resonance (EPR) spectroscopy of different 
polarized BiVO4 shows the strong g signal intensity, which indicates that 
there are defects existing in BiVO4 single crystal (Fig. S11) [43]. It has 
been reported that oxygen vacancy can capture the photogenerated 
electrons in the conduction band (CB) of the photocatalyst, and the 
electrons trapped in the oxygen vacancy provide the driving force for 
nitrogen reduction [44,45]. 

3.3.2. Separation and deposition of photogenerated carriers on different 
facets of BiVO4 

We constructed the (040) and (110) facets of BiVO4 (Fig. 5a), and 
further speculated the transportation and enrichment of electrons and 
holes between different crystal planes by DFT calculation. As shown in 
Fig. S12, the electrostatic potentials of (040) and (110) facets are 
4.48 eV and 6.37 eV, respectively, and the Fermi level (− 4.48 eV) of 
(040) facet is higher than (− 6.37 eV) of (110) facet. Thus, the charge 
will be transferred from (040) to (110) facet until the Fermi level is 
equal. As a result of charge transfer, the charge density of (040) facet 
decreases and that of (110) facet increases, resulting in the formation of 

built-in electric field (BIEF, field intensity direction (040) → (110), as 
shown in Fig. 5a). The formation of BIEF is beneficial to accelerate the 
transfer and separation of photogenerated electrons and holes, and the 
flow direction of photogenerated electrons is opposite to that of BIEF, 
that is, photogenerated electrons gather on (040) facet and holes gather 
on (110) facet (also shown in Fig. 5a) [46,47]. Thus, the hydrogenation 
step (electron reduction) in pNRR is likely to take place on (040) facet, 
while the water oxidation to produce protons may take place on (110) 
facet. In addition, according to band gap (Eg) values (Fig. S13a) and XPS 
valence band spectrum (Fig. S13b), the valence band (VB) position of 
BiVO4-2.0 is +1.41 eV. Based on the formula of Eg=ECB-EVB, the con-
duction band (CB) position is -0.89 eV [48]. According to the band 
alignment (Fig. S13c), the photogenerated electrons of CB for BiVO4 
have ability to reduce N2 to NH3 (N2/NH3 = +0.55 eV vs NHE) [49]. 

In order to further verify that (040) facet is the active surface of 
pNRR, we carried out in-situ photo-deposition of Ag NPs and MnOx on 
surface of BiVO4 single crystal. As shown in Fig. 5b–e, Ag NPs were 
deposited separately on (040) facet of BiVO4-2.0 (Fig. 5b and c), while 
MnOx was uniformly deposited on the (110) plane (Fig. 5d and 5e). The 
experimental results show that photogenerated electrons gather on 
(040) facet of BiVO4 to participate in photoreduction reaction (Ag++
e− → Ag), while photogenerated holes gather on (110) plane of BiVO4 to 
participate in oxidation reaction ( Mn2++x H2O+(2x-2) 
h+→MnOx+2xH+), thus realizing the spatial separation of carriers (as 
shown in Fig. 5a) [29,50,51]. The results of theoretical calculation were 
strongly supported by the photo-deposition experiment, which further 
proved that the formation of BIEF between (040)/(110) facets in BiVO4 
realized the effective separation of space charges and active sites. 

3.3.3. Active sites and transitions in pNRR by BiVO4 
There are three main adsorption sites for N2 on BiVO4, i.e., the top of 

Fig. 4. The XPS spectra (a. survey; b. O1 s) and Raman spectra of BiVO4 samples (c).  
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Bi, the top of V and the top of O [52]. The schematic diagram is shown in 
Fig. S14 (taking (040) facet as an example). Fig. S14 also shows the 
most potential adsorption sites after DFT optimization. The adsorption 
energy of N2 on V site of BiVO4 was the lowest, indicating that N2 was 
most likely to be adsorbed on V atoms. XPS normalized V 2p spectra 
indicates that BiVO4 contains both V4+ and V5+ (Fig. S15) [53]. In order 
to understand the change of active center during the photocatalytic 
reduction of N2 by BiVO4 single crystal, the effect of BiVO4 single crystal 
in the mixture of N2 and light (Fig. 6a) was studied by environmental 
transmission electron microscopy (ETEM) and scanning fluorescence 
X-ray microscopy (SFXM) in a nanoreactor (Fig. 6b) [15]. First, we 
identified the polygonal/decahedral BiVO4 single crystals by environ-
mental transmission electron microscopy (ETEM) (Fig. 6c). Then, the 

nano reactor containing BiVO4 single crystal was transferred from ETEM 
to SFXM platform. In the high-resolution V Kα fluorescence image, we 
observed BiVO4 single crystal particles with truncated square shape. The 
angle of BiVO4 single crystal is a (110) plane, while the edge is exposed 
to (040) plane along the X-ray observation direction (Fig. 6d). By 
guiding the nanofocusing X-ray beam parallel to the desired facet and 
scanning the incident X-ray energy, we can obtain the facet-related 
spectral information of the V-active site, so as to determine the spe-
cific crystal plane of BiVO4 single crystal (Fig. 6e). Normalized curves 
from scanning fluorescence X-ray microscopy (SFXM) for different facets 
of BiVO4-2.0 are shown in Fig. 6f-h. Comparing the testing results with 
the standard spectra of V4+ and V5+ (determined by XANES in Fig. S16) 
[54], it was found that the peak value of (040) facet was 5471.2 eV, 

Fig. 5. The diagrams of BiVO4 (040) and (110) facets; the separation and deposition of photo generated carriers on different facets of BiVO4; the formation of built-in 
electric field (BIEF) between (040) and (110) facets (a). SEM image and element mapping of photo-deposited Ag on BiVO4-2.0 (b and c); SEM image and element 
mapping of photo-deposited MnOx on BiVO4-2.0 (d and e). 
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indicating that both V4+ and V5+ existed at the facet; while the peak 
displacement of (110) plane was 5471.6 eV, indicating that only V5+

existed. The peak value of the curve shifts slightly from 5471.2 eV to 
5471.4 eV (red line in Fig. 6f) when nitrogen is introduced in the 
absence of light, indicating that part of V4+ is transformed into V5+, that 
is, the adsorption of nitrogen on (040) facet is chemisorption. After that, 
N2 was stopped and the BiVO4 (040) facet was tested after light irradi-
ation, the peak value shifted from 5471.2 eV to 5470.8 eV (the blue line 
in Fig. 6f), indicating that some of the V5+ on (040) plane changed to 
V4+. As a comparation, we characterized the BiVO4 (040) facet in the 
presence of both nitrogen and light. Surprisingly, the peak shifts to 
5471.0 eV (green line in Fig. 6g), which means that there is a large 
amount of V4+ in (040) facet instead of further producing V5+. However, 
the valence state of the V element on the BiVO4 (110) facet remains 
unchanged (Fig. 6h). 

3.3.4. DFT: oxygen vacancies on (040) facet is one of the keys for pNRR 
In order to further elucidate the mechanism of pNRR, we calculated 

the adsorption energy of N2 on (040) and (100) facets of BiVO4 by DFT to 
further speculate the active sites of photocatalytic reaction (The details 
of structural model and calculation parameters are shown in SI 
[55–57]). DFT results show that N2 can be only adsorbed on the (040) 
facet contained oxygen vacancies (Fig. S17), which indicates that the 
existence of oxygen vacancy is a prerequisite for NRR reaction on (040) 
facet of BiVO4. Combined with the previous study of active sites, we can 
get a very unexpected discovery. The adsorption site of N2 is not what 
people usually think of as oxygen vacancy [58], but the V4+ site 
generated by oxygen deficiency (the adsorption energy is − 0.75 eV). 
That is to say, V element, to be exact, it should be V4+ generated by OV 
on BiVO4 (040) is the "real" active site for pNRR. In addition, by 
calculating Bader charge (Fig. 7a) and charge density difference (CDD) 

Fig. 6. Schematic diagram of a gas flow nanoreactor used to detect the change of valence state of V element (a); The electron beam and X-ray patterns used for 
environmental transmission electron microscopy (ETEM) and scanning fluorescence X-ray microscopy (SFXM) imaging on BiVO4 single crystal (decahedron) (b); 
ETEM observation of BiVO4 single crystal in nano reactor (c) and corresponding single-particle electron diffraction (SPED) measurement (d); The SFXM image of 
BiVO4 is emitted by the V kα incident X-ray parallel to the (001) direction (e). The color scale represents the intensity of the fluorescence signal of V element. The 
units in the bar are arbitrary. Normalized curves from scanning fluorescence X-ray microscopy (SFXM) for different facets of BiVO4-2.0 (f is BiVO4 in the pristine 
state, g and h are (040) and (110) facet under different reaction conditions). (For interpretation of the references to colour in this figure text, the reader is referred to 
the web version of this article.) 
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(Fig. 7b), we further reveal the nature of BiVO4 activation of N2 from the 
perspective of electronic structure. For (040) facet, there are higher 
delocalized electrons around Ov, which indicates that OV can effectively 
capture photogenerated electrons and promote the separation of pho-
togenerated carriers [59]. During the N2 adsorption process, the lone 
pair electrons of N2 are transferred to the d-space orbital of V, thus 
adsorbing on the surface of (040) facet of BiVO4; the electrons in 
d orbital are fed back to the 2π* antibonding orbital of N2 by V atom to 
realize the reduction reaction of N2. Therefore, in the process of pNRR, 
OV plays the role of capturing photogenerated electrons, while the 

function of V element is N2 adsorption and reduction. 
It has been reported that due to the different intermediates, there are 

three reaction pathways in the process of photocatalytic ammonia syn-
thesis, namely alternating reaction pathway, distal reaction pathway 
and enzymatic reaction pathway [60]. In order to explore the reaction 
path of pNRR, we carried out transition state search calculation for three 
reactions. According to Fig. 7c, N2 reduction on (040) facet containing 
OV of BiVO4 follows distal mechanism, and the rate-determining step is 
the formation of NNH intermediate. 

Fig. 7. Electronic localization function (ELF) analysis of BiVO4 (040) and BiVO4 (040) with O vacancy facets (a). For the scale bar of 0.0 to 1.0, the red region 
indicates a higher local electron distribution, the green region represents electronic-gas-like pair probability and the blue region shows a higher electronic delocalized 
distribution. Charge density differences (CDD) between N2 and BiVO4 (040)-Ov with the isovalue of 0.005 e Å− 3 (The charge depletion and accumulation were 
depicted by yellow and green, respectively) (b). Free energy profiles for NRR on a BiVO4 (040) with O vacancy through distal, alternating, and enzymatic, 
respectively (c). The black and red line represents the free energy for the electrochemical reaction without or with an applied bias, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.3.5. Mechanism of pNRR on BiVO4 
Based on the results of active sites and DFT calculation, we speculate 

that the mechanism of photocatalytic synthesis of ammonia on BiVO4 is 
as follows (Fig. 8): The pNRR of BiVO4 occurs only on (040) facet. V4+ on 
the (040) facet containing oxygen vacancies is the "promoter" of the 
photocatalytic reaction, which takes the lead in chemisorption of ni-
trogen, that is, V4+ transforms into V5+ (Eq. (1)). The photogenerated 
electrons trapped in the oxygen vacancy take V5+ as the "bridge" of 
electron migration and react with N2 to form NH3; at the same time, the 
generated NH3 changes back to V4+ after leaving V5+ (Eq. (2)). Thus, the 
cycle of oxygen vacancy-V4+/V5+ (OV-V4+/V5+) is the exact active site 
in the photocatalytic synthesis of ammonia. Among them, V4+ plays the 
role of chemisorption of N2, V5+ is electron transfer bridge, and the 
photogenerated electrons trapped in OV provide the driving force for 
ammonia synthesis. Every OV-V4+/V5+ on (040) facet of BiVO4 is a 
"factory" for ammonia synthesis, which is also the reason why BiVO4-2.0 
has the highest photocatalytic activity. Therefore, controlling the (040) 
facet with high exposure is an effective way to improve the photo-
catalytic performance of BiVO4.  

V4+ + N2 → V5+-N2                                                                       (2)  

V5+-N2 +H++ OV(e− )→V4++NH3                                                    (3)  

4. Conclusions 

A series of BiVO4 samples with different ratios of highly exposed 
(040) and (110) facets were synthesized. There is a linear relationship 
between the activity of ammonia generation and the ratio of facets, 
which indicates that the activity depends heavily on the ratio of exposed 
crystal faces. The pNRR activity of BiVO4-2.0 is the highest, and NH3 
generation rate is 103.4 μmol g− 1 h− 1. The yield of hydrogen and oxygen 
is much lower than that of nitrogen and there is no hydrazine hydrate 
was produced during pNRR. 15N isotope labeling experiment results 
indicates that the ammonia gas produced comes from the nitrogen gas. 
Photoelectrochemical characterization showed that with the increase of 
S(040)/S(110) ratio, the photocurrent signal and the surface photovoltage 
signal increased gradually, and the electrochemical impedance value 
decreased. This means that the exposure of (040) facet contributes to the 
directional transportation of carriers, and more photogenerated elec-
trons participate in pNRR. The photo-deposition experiments show that 
photogenerated electrons gather on (040) facet of BiVO4 to participate 
in photoreduction reaction (Ag++ e− → Ag), while photogenerated holes 
gather on (110) plane of BiVO4 to participate in oxidation reaction 
(Mn2++x H2O+(2x-2) h+→MnOx+2xH+), thus realizing the spatial 
separation of carriers. The results of XANES, ETEM and SFXM as well as 
DFT indicate that the cycle of oxygen vacancy-V4+/V5+ (OV-V4+/V5+) is 
the exact active site in the photocatalytic synthesis of ammonia. Among 
them, V4+ plays the role of chemisorption of N2, V5+ is electron transfer 
bridge, and the photogenerated electrons trapped in OV provide the 
driving force for ammonia synthesis. 
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