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Abstract 

Photocatalytic nitrogen reduction is promising for green ammonia synthesis. 

Nevertheless, the photocatalytic activity is critically limited by high carriers’ 

recombination and poor adsorption/activation of dinitrogen molecules. Herein, a rapid 

Joule heating method was applied to synthesize Bi2O3 with rich oxygen vacancies. This 

leads to a high separation rate of photogenerated carriers. Accordingly, the 

photocatalytic ammonia synthesis rate of Ru-Bi2O3 was higher than pristine Bi2O3, 

reaching 32.9 μmol g-1 h-1. Characterization and density functional theory confirmed 

that metal-support interactions between Bi2O3 and Ru lead to charge redistribution. This 

will lower the energy barrier for the rate-determining step of nitrogen hydrogenation, 

further confirming the applicability of the alternating nitrogen fixation pathway to this 

process. 

 

 

1. Introduction 
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Since N2 has a highly stable non-polarizable strong N≡N bond (945 kJ mol-1), 

ammonia is industrially produced through the Haber-Bosch process operating at high 

temperature and high pressur1-3. Recently, photocatalytic nitrogen reduction reaction 

(NRR) has been recognized as an ideal green nitrogen fixation pathway owing to its 

ability to directly utilize natural resources such as solar energy, and eliminate 

environmental pollution at the source4. Despite the extensive research that has been 

carried out, photocatalytic NRR faces the following challenges: insufficient redox 

potential, negative nitrogen affinity energy, and high recombination of photogenerated 

carriers and holes5. It has been found that the antibonding π* orbitals in N2 can accept 

the electrons, while the bonding orbitals feed electrons back to the catalyst, thus 

weakening the N≡N bond and making N2 easy to activate 6. Therefore, the ideal 

photocatalysts should have suitable active sites and a strong electron back-donation 

capacity, which will facilitate the activation of nitrogen by the catalyst 7. 

At present, a wide range of photocatalysts have been designed for NRR. Among them, 

bismuth-based semiconductors are one of the most promising photocatalysts8. Typically, 

the bismuth acts as a p-block element to perform π back-donation to weaken the 

nitrogen-nitrogen triple bond9-11. Typical bismuth based semiconductors are BiVO4
12, 

Bi2WO6
13, BiOX (X=Cl, Br, I)14, etc. Liu et al. synthesized Bi(OH)3 with good visible 

light responsivity and abundant alkaline groups, thus facilitating the efficiency of the 

photocatalytic reduction reaction15. Bi2O3 is also a promising photocatalyst for 

immobilizing N2 due to its stable atomic structure and pronounced narrow forbidden 

band gap16-20.  

The doping of precious metals is one of the most effective modification methods. It can 

increase the active sites of the reactants and increase the active sites of the reactants. 

The doping energy level of the trap of photogenerated carriers can be formed by doping 

precious metals into the semiconductor catalyst. Thus, the electron-hole recombination 

is effectively suppressed, and the photocatalytic activity is improved21. Ruthenium is 

presently receiving great interest owing to its high catalytic activity. Because the metal-

support interaction (MSI) of Ru significantly affects the reactivity of the catalyst in 
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photocatalysis. Wang et al. synthesized Ru@MIL125/MnOx composite catalysts using 

a hydrothermal method22. According to the characterization results, Ru served as a 

reactive site for photocatalytic nitrogen reduction, which can capture electrons and 

promote photogenerated electron transfer, thus effectively reducing electron and hole 

complexation. Therefore, the formation of ionic or covalent bonds between the loaded 

metal and the support helps to improve the stability of the metal, thus effectively 

regulating the electronic structure and reducing the reaction energy barrier23-26. 

Compared with the traditional heating method, the rapid Joule heating method can 

directly convert electrical energy into thermal energy, thus improving heating efficiency. 

Zhao et al. induced the deposition of Pt clusters onto C3N4 by the rapid Joule heating 

method, leading to the formation of electron-rich active Pt sites27. By comparing the 

samples prepared by the conventional heating method, it was found that the rapid Joule 

heating method had a shorter preparation time and more active sites. The rapid Joule 

heating method reduces the active sites' overoxidation reaction during prolonged 

heating, and rapid cooling also leads to structural deformation and defect formation, 

thus providing abundant catalytic sites. Moreover, the rapid Joule heating method also 

avoids the agglomeration of the metal, hence achieving a better dispersion of Ru28. 

The Ru-Bi2O3 with oxygen-rich vacancies was prepared by the rapid Joule heating 

method. Subsequently, the optimal catalysts with defective and electron-rich structures 

were explored by controlling the temperature and atmosphere of the rapid Joule heating 

method. Metal Ru-doped Bi2O3 also increased the photocatalytic nitrogen fixation rate 

to 32.9 µmol g-1 h-1 without a sacrificial agent. Therefore, based on the characterization 

and density functional theory (DFT) calculations, the Ru-Bi2O3 with abundant surface 

oxygen vacancies, as well as the electron-rich Ru sites both provided sufficient 

chemisorption and active sites for N2. The Bi-O-Ru site is the optimized adsorption site 

to reduce the energy potential of the rate-limiting step. The reaction mechanism was 

then explored and discussed. 

2. Experimental 

2.1 Preparation of Bi2O3 and Ru-Bi2O3 catalysts 
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Preparation of Bi(OH)3: Firstly, 1 mmol of Bi(NO3)3⋅5H2O was ultrasonically 

dispersed in 30 mL of deionized water, and then the pH of the Bi(NO3)3⋅5H2O 

suspension was adjusted to 10 using KOH. After stirring at room temperature until the 

mixture was homogeneous, it was transferred to a 100-mL Teflon-lined stainless-steel 

autoclave and reacted at 150°C for 12 h. The samples obtained were washed and 

separated. The resulting white precipitate was collected and dried in a desiccator at 

80°C for 12 h to synthesize a Bi(OH)3 sample. 

Preparation of Bi2O3: The rapid Joule heating method applied high pulse voltage and 

strong pulse current to Bi(OH)3 instantaneously under different atmospheres to bring it 

to the selected temperature. The sample was heated at a high temperature, and the 

yellow solid Bi2O3 was synthesized. 

Preparation of Ru-Bi2O3: Bi(OH)3 samples with different Ru contents were 

synthesized by the impregnation method. First, various amounts of RuCl3⋅3H2O 

solution (10 g/L) were added to deionized water and sonicated homogeneously. Then, 

Bi(OH)3 was dispersed in the above solution and heated in a water bath for 4 h at 60°C. 

The synthesized solution was subsequently centrifuged, dried and collected as x wt% 

Ru-Bi(OH)3 (x = 0, 0.50, 0.75, 1.0, 1.25, 1.50), where x denotes the mass percentage 

of the doped metal element. Ru-Bi(OH)3 was heated at different temperatures (500℃, 

600℃, 700℃, 800℃) and different atmospheres (N2, Ar, H2/Ar and Air) using the rapid 

Joule heating method. A high pulse voltage and a strong pulse current were 

instantaneously applied to Ru-Bi(OH)3 to reach the specified temperature rapidly. A 

gray-black powder was synthesized, and the product was named Ru-Bi2O3. Bi2O3 of 

other metals were prepared using the same impregnation method, and the products were 

labelled as Pt-Bi2O3 and Pd-Bi2O3. 

2.2 Photocatalytic N2 fixation measurement 

The photocatalytic nitrogen fixation performance of the catalysts was tested. The steps 

were as follows: 30 mg of the photocatalyst was ultrasonically dispersed in deionized 

water, and a quartz reactor was filled with high-purity N2 and continuously stirred. 

Recirculating water was continuously passed through the test process to maintain room 
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temperature and minimize thermal effects. The reaction was irradiated under a 300 W 

Xe lamp for 1 h. Upon completion of the reaction, 10 mL of clear reaction solution was 

collected by syringe and filtered. NH4
+ concentration was quantified using Nessler's 

reagent spectrophotometric method. 

3. Results and discussion 

3.1 Morphology and chemical composition 

The fabricated Ru-Bi2O3 and Bi2O3 samples were prepared by rapid Joule heating as 

shown in Fig. S1. Firstly, Bi(OH)3 was prepared by a hydrothermal method, while 

different amounts of Ru were doped into Bi(OH)3 by impregnation method. Then, Ru-

Bi2O3 was synthesized by the rapid Joule heating method at different temperatures and 

under different atmospheres. The morphology and microstructure of the samples were 

analyzed by SEM and TEM. The morphology of Bi2O3 was observed to be a flower-

shaped structure consisting of thin flakes with a size of about 1-2 μm, with a rough and 

compact surface (Fig. 1a). As can be seen from Fig. 1b, the morphology of Ru-doped 

Bi2O3 is similar to Bi2O3 in the form of irregular nanoflower clusters. The rough and 

compact surface may be attributed to the high-temperature treatment by the rapid Joule 

heating method, which avoids the structural collapse and aggregation process29. Figs. 

1c and 1d show the TEM and HRTEM images of Ru-Bi2O3. The lattice spacing of 0.31 

nm as measured corresponded to the (1 2 1) face of Ru-Bi2O3, in agreement with the 

XRD results (Fig. 2a)30-31. It was also found that significant blurring and disorder 

appeared in the middle of the lattice stripes of the Ru-Bi2O3 photocatalyst suggesting 

that the surface structure of Ru-Bi2O3 was disrupted by the rapid Joule heating treatment, 

followed by the formation of surface oxygen vacancies16. 
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Fig. 1. (a-b) SEM images of Bi2O3 and Ru-Bi2O3, (c-d) TEM and HRTEM images of Ru-Bi2O3. 

The crystal structure of the catalysts was characterized by X-ray diffraction (XRD). The 

XRD patterns of Bi2O3 and Ru-Bi2O3 prepared by the rapid Joule heating was shown 

(Fig. 2a), and their characteristic peaks at 24.7°, 25.8°, 27.0°, 27.5°, 28.1°, 33.1°, 33.3°, 

and 46.5°corresponded to the (1 0 2), (1 1 2), (-1 1 1), (1 2 0), (0 1 2), (1 2 2), (2 0 2), 

and (0 4 1)  planes of Bi2O3 (JCPDS No. 72-0398), respectively. The patterns of as-

prepared catalyst had a slight angular shift from the standard card, mainly due to lattice 

distortion caused by the rapid Joule heating method32. The crystal structure of Ru-Bi2O3 

was affected by Ru doping compared to Bi2O3. It can be observed that the diffraction 

peak at 27.5° was shifted by 0.21° to a larger diffraction angle after Ru doping. This 

might be because the ruthenium ionic radius (0.62 Å) introduced through doping was 

smaller than the bismuth ionic radius (1.03 Å). This led to the contraction of the Bi2O3 

lattice, which resulted in a smaller crystal plane spacing, indicating the successful 

doping of Ru into Bi2O3
16. No characteristic peaks were observed for the Ru compounds, 

suggesting that the effects of Ru doping and oxygen vacancies on the Bi2O3 crystal 

structure were negligible. 

X-ray photoelectron spectroscopy (XPS) was used to investigate the interaction 

between Bi2O3 and Ru. The  XPS survey spectrum showed the presence of Bi, Ru and 

O as well as amorphous carbon on the surface of Ru-Bi2O3 (Fig. S2). After the 
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introduction of Ru into Bi2O3, the Ru 3d spectrum and the Ru 3p spectrum can be 

clearly detected in Fig. 3b, indicating the successful doping of Ru. In Ru 3p, the peak 

at 465.38 eV corresponds to the Ru4+ material, while 461.18 eV can be attributed to Ru0. 

This suggested that Ru-Bi2O3 produced both Ru0 and Ru4+ in the rapid Joule heating 

method and H2/Ar reducing atmosphere (Fig. 2b). While 284.81 eV and 288.22 eV in 

the Ru 3d plot correspond to the carbon peaks in bismuth oxide C 1s, where Ru 3d3/2 

can overlap with C 1s (284.8 eV), the other peak with higher binding energy (286.45 

eV) can be attributed to the Ru4+ substance, which further suggested the presence of 

Ru4+ in the photocatalytic process of Ru-Bi2O3 (Fig. S3). It also reflected the possibility 

that Ru may form chemical bonds with surface oxygen on the Bi2O3 surface since the 

charge density of Ru is only affected by the interfacial charge transfer that occurs on 

Bi2O3
33. Due to the photoelectron emission from Bi3+, bimodal peaks corresponding to 

the Bi3+ of pristine Bi2O3 were found at 158.75 eV and 164.06 eV (Fig. 2c). This 

indicated that it was the oxidation state of Bi3+ that is present and not the oxidation state 

of other Bi34. Spin-orbit splitting and spectrally heavy states at 5.3 eV were 

characteristic of Bi3+ in oxide environments35. There was a significant peak at 529.55 

eV corresponding to Bi-O-Bi, red-shifted after Ru doping, probably due to the bonding 

of Ru instead of Bi. Compared with pristine Bi2O3, the binding energies of Bi 4f7/2 and 

Bi 4f5/2 in the Ru-Bi2O3 structure were reduced to 158.9 and 164.2 eV, respectively. 

This may be due to the change in the electronic structure of the Bi2O3 samples due to 

doping with Ru 36-37. As shown in Fig. 2d, O 1s can be separated into lattice oxygen 

(529.55 eV), oxygen vacancy (531.20 eV), and surface chemisorbed oxygen (532. 31 

eV)38-39. In the O 1s spectra, the peaks of both lattice oxygen and OVs were red-shifted, 

indicating a distortion of the lattice and verifying an increase in bonding energy during 

rapid Joule heating. In contrast, ruthenium doping and high-temperature treatment led 

to the formation of unsaturated Bi-O bonds in Bi2O3
16. Defect types were further 

verified by EPR spectroscopy40. A strong signal at g = 2.003 can be found in Fig. S4, 

proving that the defects in Bi2O3 and Ru-Bi2O3 prepared by Joule heating are oxygen 

vacancies12. The above results indicated that high-temperature rapid heat treatment had 
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a significant impact in regulating oxygen species and metal organization29. 

 

Fig. 2. (a) XRD patterns of Bi2O3 and Ru-Bi2O3, XPS spectra of (b) Ru 3p, (c) Bi 4f, (d) O 1 s. 

3.2. Photocatalytic activity tests 

Bi2O3 and Ru-Bi2O3 were further tested for photocatalytic ammonia synthesis. When 

doped with Ru, the ammonia synthesis rate of Bi2O3 increased from 11.1 μmol g-1 h-1 

to 32.9 μmol g-1 h-1 (Fig. 3a). Thereafter, the subsequent discussion will focus mainly 

on the characterization of Ru-Bi2O3 with 1.0 wt% Ru doping under H2/Ar atmosphere, 

which showed the optimum ammonia production activity of the catalysts. Furthermore, 

Table S1 summarized the performances of several typical photocatalytic nitrogen-fixing 

catalysts that have been published, suggesting that Ru-Bi2O3 has certain advantages5, 24, 

33, 41-43. Meanwhile, compared with other bismuth oxide-based and bismuth-based 

catalysts, Ru-Bi2O3 can obtain good nitrogen fixation performance without the use of 

sacrificial agents (Table. S2)20, 44-46. By comparing the photocatalytic nitrogen fixation 

performance of Ru-Bi2O3 catalysts prepared by the traditional heating method (tube 

furnace heating method) and the rapid Joule heating method, it was found that the 

catalysts prepared by the rapid Joule heating method had higher performance (Fig. S5). 

The higher reaction rate of Ru-Bi2O3 may be attributed to the inhibition of the 
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photogenerated electron and hole complexation rate by Ru doping, which improved the 

photocatalytic performance. Meanwhile, the synergistic effect of Ru as both electron 

acceptor and electron donor with the unsaturated site on the surface of Bi2O3 promoted 

the occurrence of NRR. The highest ammonia synthesis rate was achieved for Bi2O3 

with 1.0 wt% Ru doping (Fig. 3b). This might be due to the saturation of the surface-

active sites by excess Ru, which blocked the active sites on the Bi2O3 reaction sites, 

thus reducing the photocatalytic performance. Other typical transition metals (e.g. Pd, 

Pt) were also doped into Bi2O3 using the impregnation method (Fig. 3c). As can be seen 

from Fig. 3d, the nitrogen fixation activity of Ru-doped Bi2O3 was significantly higher 

than that of other metal-doped Bi2O3. This might be due to the selective activation of 

nitrogen by Ru, which further enhanced the photocatalytic activity for nitrogen 

reduction. In addition, no other by-products such as N2H4 and hydrazine were detected, 

thus further confirming the good selectivity of Ru-Bi2O3. Examination of the 

calcination atmosphere showed that the photocatalytic nitrogen fixation performance 

of Ru-Bi2O3 was best under H2/Ar atmosphere, which may be attributed to the fact that 

H2/Ar was a reducing gas that could effectively accelerate the reduction of Ru. At the 

same time, Ru ions have a strong MSI effect in the inert gas Ar atmosphere12. As shown 

in Fig. 4d, Ru-Bi2O3 had the highest ammonia synthesis rate at 600°C, which might be 

due to the formation of a more stable and active structure through strong coupling 

between the defective portions of the Ru and Bi2O3 linkages at higher temperatures. In 

contrast, temperatures that are too high lead to excessive defects on the catalyst surface, 

resulting in active site rupture, which adversely affects the ammonia synthesis activity. 

The results indicated that the temperature and atmosphere conditions during the rapid 

Joule heating method have a remarkable impact on the enhancement of photocatalytic 

nitrogen fixation performance. Therefore, this high temperature via Joule heating 

played a crucial role in the modulation of the structure and chemical composition of 

Ru-Bi2O3 to achieve efficient catalytic activity and selectivity. 

In addition, four consecutive measurements were performed to verify the reusability 

and stability of Ru-Bi2O3 (Fig. 3e). During the 4-hour test, no significant deactivation 
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of the photocatalyst was observed. Thus, it was shown that Ru-Bi2O3 maintains 

effective photocatalysis after several cycles, indicating good reproducibility. 

Subsequent XPS and XRD characterization of the reacted Ru-Bi2O3 catalysts. The 

stable structure of Ru-Bi2O3 was further demonstrated by XPS, which showed that the 

binding energy of the catalyst remained unchanged after light exposure and that the 

peaks were well-matched after the XRD reaction without collapses (Fig. S6). The 

ammonia synthesis activity gradually increased with light duration and the cumulative 

yield was 93.71 μmol g-1 (6 h). Additionally, the control experiment was conducted to 

confirm that the ammonia was indeed generated by the photocatalytic reaction of N2 

and H2O in the samples (Fig. S7). As shown in Fig. 3f, it was found that AQE decreased 

with increasing wavelength of monochromatic light (0.16% at 365 nm, 0.123% at 400 

nm, 0.04% at 500 nm, and 0.01% at 600 nm), which matched well with the photo-

responsiveness of the DRS test for Ru-Bi2O3 (Fig. 4c). 

 

Fig. 3. (a) Photo-nitrogen fixation performance of catalysts with different doped metals, (b) different 

Bi2O3 with different Ru loading amounts, (c) different atmosphere of Ru-Bi2O3, (d) different calcination 

of Ru-Bi2O3, (e) Photocatalytic cycling test of Ru-Bi2O3 and (f) AQE (black dots) of nitrogen fixation 

yield on Ru-Bi2O3 and its optical absorption spectrum (red line). 

3.3. Optical and electronic properties 

The charge separation efficiency impacts photocatalytic activity, so a series of 

electrochemical tests were performed. As shown in Fig. 4a, the photocurrent density 

under light was relatively higher than that under darkness, indicating that the prepared 
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samples are photosensitive. The photocurrent responsiveness of Ru-Bi2O3 was much 

higher than that of Bi2O3, indicating a low photogenerated carrier recombination rate, 

a fast interfacial transport rate, and a significantly enhanced lifetime of the 

photogenerated electron-hole pairs47. Meanwhile, in the EIS spectra (Fig. 4b), the arc 

radius of Ru-Bi2O3 was much smaller than that of Bi2O3, suggesting that it had less 

charge transport resistance. Thus, it showed that Ru-Bi2O3 had a higher transfer 

capacity of interfacial charge and a lower compounding rate of photogenerated carriers, 

which improved the photocatalytic immobilization of N2
14. 

The study of Bi2O3 and Ru-Bi2O3 using UV-vis DRS reveals that both exhibit 

significant light absorption, and the absorption spectra are more intense near 400 nm, 

which might be related to the band gap jump of electrons. In contrast, the light 

absorption range of Ru-Bi2O3 gradually became broader, a phenomenon that can be due 

to the surface plasmon resonance of Ru, resulting in an apparent broad plasmon 

resonance absorption of Ru-Bi2O3 in the visible range. The corresponding Tauc plots 

were obtained from UV-vis DRS absorption spectra (Fig. S8) and the corresponding 

band gap (Eg) of Bi2O3 was deduced to be 2.63 eV. The doping of Ru further improved 

the photon absorption of Bi2O3 in the visible regions, which reduced its Eg to 2.38 eV. 

It indicated that Ru-Bi2O3 was more likely to produce photogenerated carriers. This 

phenomenon might be attributed to Ru, which increased the light absorption range and 

provided additional active sites for photocatalysis. Meanwhile, based on the VB-XPS 

plots, the EVB values of Bi2O3 and Ru-Bi2O3 were obtained as 1.10 eV and 0.74 eV, 

respectively (Fig. S9). The calculated ECB values for Bi2O3 and Ru-Bi2O3 are -1.54 eV 

and -1.66 eV, respectively (Fig. 4d). It might be due to the introduction of Ru as well 

as defects generated at high temperatures, which result in a rise in the valence band 

value and a narrowing of the bandgap width48. This was favorable for the 

photogenerated carriers to increase the transmission rate and separation efficiency49. 

Therefore, after Ru-Bi2O3 irradiation, the electrons were excited to jump to the 

conduction band, which suppresses the recombination rate of photogenerated carriers. 

More importantly, the calculated CB potentials of Bi2O3 and Ru-Bi2O3 were 
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thermodynamically more beneficial reactions compared to the reduction potential of 

N2/NH3 (-0.05 eV)50. Moreover, the Ru-doped CB was more negative and 

thermodynamically more favorable, resulting in a better ammonia production activity 

of Ru-Bi2O3. 

  

Fig. 4. (a) Photocurrent responses, (b) EIS, (c) DRS spectra, (d) Schematic band structure of Bi2O3 and 

Ru-Bi2O3. 

3.4. Photocatalytic mechanism 

DFT calculations were used to study the possible adsorption sites and electron transfer 

Firstly, the adsorption energies of Bi sites on Bi2O3, Bi sites on Bi2O3 with vacancies, 

and different Ru sites on Ru-Bi2O3 and Ru-Bi2O3 were calculated. It can be found that 

N2 was difficult to adsorb on Bi2O3, and the possible individual sites of Ru on Bi2O3 

were subsequently calculated (Fig. S10). From Fig. 5a, Ru site in Ru-Bi2O3 was the 

most effective adsorption site for N2 in the bridge adsorption mode (Bi-O-Ru) in the 

presence of vacancies (ΔE = -1.03 eV). Besides, charge density difference analysis was 

performed to visualize the electron transfer behavior51. As shown in Fig. S11, 

significant charge accumulation (yellow) was observed around the Ru atoms, while 

significant charge depletion was observed around the other Bi and O elements in Ru-

Jo
ur

na
l P

re
-p

ro
of



13 
 

Bi2O3(blue), suggesting that the electrons were transferred from Bi and O to Ru, and 

thus nitrogen easily adsorbed on the Ru sites and polarizes to NH3. A Gibbs free energy 

model of the complete NRR pathway was developed to study the hydrogenation 

reaction pathway of N2 on Ru-Bi2O3. As shown in Fig. 5b, it was found that the initial 

adsorption process of N2 on Ru-Bi2O3 released 1.03 eV of energy and polarized the N2 

molecule by charge redistribution. The *N-N → *N-NH step was completely barrierless 

(from -1.03 to -1.48 eV). Meanwhile, the hydrogenation of *NNH had two processes, 

producing *NNH2 (distal pathway) and *NHNH (alternate pathway). The free energy 

changes (ΔG) for forming NHNH* and NNH2* from Ru-Bi2O3 were calculated to be 

0.586 and 1.597 eV, respectively. Apparently, the NRR prefers to be hydrogenated via 

the binding alternation pathway of Ru-O-Bi, *N2 → *NNH → *NHNH → *NHNH2 → 

*NH2NH2 → NH3. Meanwhile, the rate-limiting order is *N-NH → *NH-NH with a 

potential barrier of 0.58 eV (from -1.48 to -0.90 eV). The step *NH-*NH → *NH-NH2 

was also completely barrierless, and *NH-*NH2 → *NH2-NH2 also occurred relatively 

easily(from -1.20 to -0.93 eV). The step *NH2-NH2 → *NH2 was also easy, releasing 

0.69 eV of free energy. The final *NH2 → NH3 step was energetically feasible. In 

addition, the integrated pathway for ammonia synthesis over Ru-Bi2O3 was exothermic 

with a released energy of -1.49 eV, thus exhibiting enhanced energy selectivity. In 

summary, Ru doping lowers the reaction barrier as well as the hydrogenation reaction 

potential, thereby promoting the promotion of N2 chemisorption and activation. Thus, 

the significant enhancement of Ru-Bi2O3 activity was attributed to the sufficient supply 

of H*, which greatly contributes to the formation of ammonia. Jo
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Fig.5. (a) N2 adsorption energy at different sites on Ru-Bi2O3, (b) Free energy diagram of NRR on 

Bi2O3 and Ru-Bi2O3.  

4. Conclusion 

Ru-Bi2O3 with oxygen vacancies were prepared by impregnation and the rapid Joule 

heating method. Ru-Bi2O3 can suppress the recombination rate of photogenerated 

electron-hole pairs and enhance the nitrogen-fixing property by increasing the active 

site of nitrogen due to Ru doping. The oxygen vacancies formed by the rapid Joule 

heating method can effectively separate the photogenerated electron-hole pairs, which 

is conducive to N2 adsorption. The optimal Ru-Bi2O3 photocatalytic nitrogen fixation 

rate was 32.9 µmol g-1 h-1 when the Ru content was 1.0 wt%. Gibbs free energy 

calculations by DFT revealed that the formation of Ru-O-Bi bonds on Ru-Bi2O3 as well 

as Ru sites was more favorable for N2 adsorption and that the alternating nitrogen 

fixation mechanism was more favorable for nitrogen reduction. And the electron-rich 

structure favors ammonia formation. This research provides a new way for designing 

highly efficient photocatalysts under the rapid Joule heating method and offers new 

ideas for the rational design of catalytic sites for N2 fixation by modulating the local 

electronic structure through metal doping. 
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Highlights 

• Preparation of Ru-Bi2O3 by fast Joule heating method 

• The photocatalytic nitrogen fixation rate of Ru-Bi2O3 reached 32.9 µmol h-1 g-1 

• Doping of Ru and electron-rich bismuth state promote the activation of N2. 

• The photocatalytic reaction pathway were discussed. 

 

 

Jo
ur

na
l P

re
-p

ro
of




