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a b s t r a c t

Photocatalysis uses solar energy to convert nitrogen and water directly into ammonia, helping reduce

dependence on fossil fuels and offering a way to integrate the nitrogen cycle into a clean energy net-

work. Ohmic junctions between metals and semiconductors have demonstrated significant advantages in

enhancing stability and reducing carrier recombination, but their application in photocatalytic nitrogen

fixation is limited due to the difficulty of work function matching and the complexity of fabrication pro-

cesses. In this study, density functional theory (DFT) calculations were used to confirm the work function

matching between Bi and Bi2Ti2O7 (BTO), ensuring the formation of an Ohmic junction. A Bi-Bi2Ti2O7

(B-BTO) composite was successfully synthesized via a one-step hydrothermal method, using bismuth ni-

trate and titanium sulfate as precursors. Compared to pure BTO, the B-BTO heterojunction, driven by

dual electron injection from both metal Bi and BTO, significantly increased the ammonia synthesis rate

to 686.95 μmol g−1 h−1, making it the most active nitrogen fixation material among similar pyrochlore-

based catalysts to date. The differential charge density calculations, photocurrent (i-t) measurements, and

photoluminescence (PL) tests further validate the role of Ohmic contacts in enhancing charge transfer

and prolonging carrier lifetimes. This research provides valuable insight into the application of Ohmic

junctions in photocatalytic nitrogen fixation and contributes to advancements in this field.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the context of the global transition to low-carbon and re-

newable energy, photocatalytic ammonia synthesis technology pro-

vides a new pathway for ammonia production and opens up pos-

sibilities for future energy networks [1–3]. Compared to the tra-

ditional Haber-Bosch process, which requires high temperatures,

high pressures, and results in high carbon emissions, photocatal-

ysis directly converts nitrogen and water into ammonia using solar

energy, demonstrating the potential to integrate the nitrogen cycle

into a clean energy network [4–6].

However, current photocatalytic technologies still face chal-

lenges such as low efficiency and poor catalyst stability [7–9]. Var-

ious strategies have been proposed to design photocatalyst struc-

tures and enhance their performance, including doping [10–12],

defect engineering [13,14], and heterojunctions [15–18]. Among
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these, Ohmic contact in metal-semiconductor heterojunctions has

gained particular attention due to its low resistance and high sta-

bility [19,20]. By aligning the Fermi levels, Ohmic contact can

achieve lower contact resistance, thereby reducing energy loss

and electron transport resistance, which enhances reaction effi-

ciency and response speed [21]. Additionally, the Ohmic struc-

ture helps stabilize the catalyst’s performance, minimizing reduc-

tions in catalytic activity caused by photo-corrosion and chemi-

cal corrosion [22,23]. However, the complex fabrication processes

for metal-semiconductor Ohmic contacts, which include precise

deposition, interface modification, and post-processing, limit their

widespread application. Furthermore, the conditions for forming

effective Ohmic contacts require the metal’s work function to be

greater than that of the semiconductor, making material selection

an ongoing challenge. As a result, research on enhancing photocat-

alytic performance using Ohmic contacts remains relatively limited

[24,25].

https://doi.org/10.1016/j.cclet.2025.111116

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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In metal-semiconductor contacts, Bi is an ideal choice for form-

ing an Ohmic junction. It not only effectively enhances the photo-

catalyst’s visible light absorption but also possesses high chemical

stability [15,26,27]. Moreover, Bi has a relatively low work func-

tion compared to common metals, making it more likely to form

an Ohmic contact with semiconductors. Bi2Ti2O7(BTO), as a py-

rochlore structure material, shows remarkable potential in pho-

tocatalytic ammonia synthesis [5,28]. The cubic crystal structure

of BTO, composed of Bi3+and Ti4+ ions, provides a stable crystal

framework and excellent light absorption properties. However, the

rapid recombination of photogenerated electron-hole pairs limits

its photocatalytic activity. By loading metallic Bi onto the surface

of BTO, effective Ohmic contacts can be formed, thereby enhancing

the separation and transport efficiency of photogenerated charge

carriers. The favorable energy level alignment between BTO and Bi

allows electrons to be effectively transferred along a low-barrier

pathway, further improving photocatalytic performance.

This study developed a Bi-Bi2Ti2O7 (B-BTO) composite mate-

rial with Ohmic contact using a one-step hydrothermal method

and applied it to photocatalytic nitrogen fixation for the first time.

In a pure water environment under simulated sunlight, the nitro-

gen fixation ammonia production rate of this composite material

reached 686.95 μmol g−¹ h−¹, demonstrating good stability. Density

functional theory (DFT) simulations determined the work functions

of BTO and Bi, confirming the formation of effective Ohmic contact

between the two. Furthermore, differential charge density calcu-

lations revealed that metal Bi injects electrons into the BTO sub-

strate, enabling dual electron channels driven photocatalytic nitro-

gen fixation. Impedance, IT, and PL test results indicated that the

composite material exhibited lower resistance, reduced electron re-

combination rates, and enhanced charge transfer rates. In situ in-

frared spectroscopy further confirmed the formation of NH4
+ dur-

ing the ammonia synthesis process, supporting its effectiveness in

photocatalytic nitrogen fixation. This study explored the promoting

effect of Ohmic contact on photocatalytic nitrogen fixation, provid-

ing new insights for future catalyst design and holding promise for

achieving higher reaction efficiencies and broader applications in

the field of photocatalytic ammonia synthesis.

To determine whether the n-type semiconductor BTO can form

an Ohmic contact with elemental Bi (Φs ≥ Φm), we first the-

oretically calculated the work functions of metallic Bi and BTO,

which are 4.10 eV and 4.34 eV (Figs. 1a and b), respectively. This

aligns with the typical conditions for forming Ohmic contacts. As

shown in Fig. S1 (Supporting information), in subsequent work,

we measured the work function of BTO using ultraviolet photo-

electron spectroscopy (UPS), and the results confirmed that the

contact between metal Bi and BTO also follows the definition of

an Ohmic contact. Following this, we performed charge distribu-

tion calculations on the BTO model loaded with elemental Bi (B-

BTO). Fig. 1c indicates that charge transfer primarily occurs be-

tween the loaded metallic Bi and the BTO substrate, with a signifi-

cant electron depletion region formed on the Bi. This suggests that

Bi can effectively inject electrons into BTO, consistent with the typ-

ical phenomenon of metal injecting electrons into a semiconductor

in Ohmic contacts. This process not only enhances the availabil-

ity of electrons but also provides the necessary electron source for

photocatalytic reactions. Furthermore, we calculated that each Bi

atom can transfer 0.18 e to the BTO substrate. This level of elec-

tron transfer enhances the electron-rich characteristics of BTO, pro-

motes effective electron utilization, and contributes to the stability

of the Ohmic contact.

In the Ohmic contact, the semiconductor substrate BTO is in an

electron-rich region, and the key to photocatalytic nitrogen fixa-

tion lies in the ability of photo-generated electrons to effectively

inject into the anti-bonding orbitals of N2, thereby breaking the

N≡N triple bond. Therefore, the ideal scenario is that the semi-

conductor BTO provides the main active sites, while the metal Bi

can capture the excess photo-generated electrons during the pho-

tocatalytic nitrogen fixation process, forming an electron reservoir

to prevent carrier recombination. Additionally, when the local elec-

tron concentration stored in metal Bi reaches equilibrium, elec-

trons can flow back to BTO without barriers due to the Ohmic

contact, significantly extending the effective utilization of photo-

generated electrons. In the B-BTO system, the contribution of BTO

to the main active sites is particularly important. To investigate

this, we conducted DFT calculations on the active sites. Fig. S2

(Supporting information) shows the end-on and side-on adsorp-

tion of nitrogen molecules on the loaded Bi, with adsorption dis-

tances of 3.59 and 3.72 Å, respectively, indicating that no chemical

bonds were formed. Next, we examined the adsorption of nitro-

gen molecules at the Bi and Ti sites in BTO. The results revealed

that the adsorption distances at the proximal Bi1 and distal Bi2
sites were 3.64 and 3.55 Å, respectively, also showing no chemi-

cal bonding with nitrogen. Finally, the nitrogen adsorption calcula-

tion at the Ti site (Ti-N) indicated an adsorption distance of only

2.81 Å (Fig. S3 in Supporting information), which meets the bond-

ing criteria. Moreover, during the subsequent rate-determining step

(N2 +H+ →N–NH), the Ti-N bond continued to shorten to 2.03 Å,

while the N–N bond was stretched from 1.16 Å to 1.26 Å, indicating

the sustained activation of nitrogen. To validate the computational

results, we calculated the adsorption of nitrogen molecules at the

Bi and Ti sites in BTO. We set the binding energy of the Ti site

with nitrogen to 0 eV. The results indicate that the relative binding

energies for nitrogen adsorption at the Bi1 site, Bi2 site, and the

metal Bi end in the semiconductor BTO are 0.71, 0.73, and 0.93 eV,

respectively. These findings are consistent with the adsorption cal-

culations, indicating that the Ti site is the most effective nitrogen

adsorption site, while the binding energies at the other Bi sites are

higher than that of Ti, suggesting weaker nitrogen adsorption ca-

pabilities.

From Fig. 1d, we can see that the larger work function of BTO

indicates that when metallic Bi and semiconductor BTO come into

contact to form a heterojunction, electrons will spontaneously flow

from the metal side to the lower energy levels of the semiconduc-

tor until the Fermi levels of both materials reach equilibrium [29].

Although the energy bands of BTO bend downward upon contact

to accommodate the flow of electrons, the degree of this bend-

ing is relatively small due to the matching work functions between

Bi and BTO, preventing the formation of a significant barrier. This

slight band bending facilitates effective carrier transport, reducing

the energy barrier at the interface, which in turn enhances elec-

tron mobility and the overall rate of the photocatalytic reaction.

The barrier-free Ohmic contact characteristic not only promotes ef-

ficient electron transfer but also significantly improves the overall

efficiency of the photocatalytic reaction, giving BTO a unique ad-

vantage as a photocatalyst in nitrogen fixation processes. Therefore,

after the contact between metallic Bi and BTO, due to the align-

ment of the Fermi levels, electrons transfer from the metallic Bi to

BTO, forming a low-resistance electron pathway, with electrons ac-

cumulating in the semiconductor BTO. This also supports the no-

tion that the Ti site should be the primary active site, while the

role of the Bi site is relatively limited.

In Fig. 2a, we utilized bismuth nitrate pentahydrate

(Bi(NO3)3·5H2O) and titanium sulfate (Ti(SO4)2) as the pri-

mary metal precursors to synthesize B-BTO through a one-step

hydrothermal method. Polyvinylpyrrolidone (PVP) was employed

as a stabilizer to prevent excessive reduction of the Bi2Ti2O7

substrate, while an excess amount of mannitol was added to

regulate the deposition of metallic Bi. The details are included

in Experimental section (Supporting information). In the HRTEM

image of B-BTO (Figs. 2b-f), we observed lattice fringes with spac-

ings of 0.24nm and 0.37nm, corresponding to the (104) and (012)

2
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Fig. 1. The work functions of (a) Bi and (b) BT-OV. (c) Calculations of charge density difference of B-BTO. Isosurface level=0.002 e Å−3; negative charge, blue; positive

charge, yellow. (d) Schematic diagram of photogenerated electron transfer before and after contact between Bi and BTO (χ , electron affinity energy; Evac, vacuum level; Φs,

work function of semiconductor; Φm, work function of metal).

Fig. 2. (a) Schematic illustration of the preparation of B-BTO. HRTEM of B-BTO (c), and the corresponding FFT and IFFT for Bi (b) and BTO (d). Crystal structure diagrams of

(e) pyrochlore BTO and (f) metal Bi. (g) XRD patterns of BTO and B-BTO. (h) High-resolution scan of the Bi 4f electrons of BTO and B-BTO.
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planes of metallic Bi (Figs. 2b and e), with an interplanar angle

of 30°, consistent with the crystallographic arrangement. This was

further confirmed by the fast Fourier transform (FFT) and inverse

Fourier transform (IFFT) patterns in Fig. 2b. The results matched

the lattice parameters of ICSD #616527 (a= b= c=10.7225 Å,

α =β =γ =90°), indicating growth along the {001} direction.

Additionally, we measured lattice spacings of 0.215nm and

0.197nm, corresponding to the (422) and (333) planes of

pyrochlore-structured Bi2Ti2O7 (ICSD #180394), with interplanar

angles matching the theoretical orthogonal relationship, showing

a growth axis along {110} (Figs. 2d and f). Further measurements

on pristine BTO lattice (Fig. S4 in Supporting information) revealed

spacings of 0.201nm and 0.159nm, corresponding to the (511) and

(533) planes of Bi2Ti2O7 (ICSD #180394), with an interplanar angle

of 25°, closely aligning with theoretical values, and a growth axis

also along {110}, indicating consistent growth behavior between

BTO and B-BTO.

To verify the successful deposition of Bi, we conducted energy-

dispersive X-ray spectroscopy (EDS) analysis (Fig. S5a in Support-

ing information). The results revealed distinct spherical aggrega-

tion of Bi, with statistical analysis showing an average particle

size of 46nm (Fig. S5b in Supporting information), further con-

firming the formation of Bi particles. Moreover, scanning electron

microscope (SEM) analysis (Figs. S5c and d in Supporting infor-

mation) revealed that the loading of metallic Bi did not result in

significant changes to the dispersion of BTO. The XRD data were

analyzed using the Rietveld refinement method (Fig. S6 in Sup-

porting information). Combined with the results of the photocat-

alytic ammonia synthesis gradient experiments (Fig. S7 in Sup-

porting information), the optimal loading amount of metallic Bi

was determined to be 35 wt%. The X-ray diffraction (XRD) spec-

trum in Fig. 2g shows diffraction peaks for BTO and B-BTO at

2θ =14.78°, 28.51°, 29.80°, 34.55°, 37.76°, 49.66°, and 58.26°, cor-
responding to the (111), (311), (222), (400), (331), (440), and (622)

planes of the pyrochlore-structured Bi2Ti2O7 (ICSD #180394, Fd-3m

space group). Notably, the XRD pattern of B-BTO exhibits a series

of diffraction peaks at 2θ =27.17°, 39.62°, 48.70°, and 56.01°, corre-
sponding to the (012), (110), (202), and (024) planes of metallic Bi

(ICSD #64703–5), which aligns well with the HRTEM analysis re-

sults. Subsequently, we utilized X-ray photoelectron spectroscopy

(XPS) to measure the surface elemental composition and oxidation

states of the samples, calibrating the data against the carbon 1s

peak at a binding energy of 284.8 eV. The XPS spectra in Fig. S8

(Supporting information) show clear signals for Bi 4f, Ti 2p, and O

1s electrons at binding energies of 163.3, 485.6, and 529.9 eV, re-

spectively. Compared to BTO, the high-resolution spectrum of Bi 4f

in B-BTO exhibits double peaks at 161.98 and 156.64 eV (Fig. 2h),

corresponding to Bi 4f5/2 and Bi 4f7/2, which further corroborates

the successful deposition of metallic Bi [15,30].

Relative to the standard peak positions of metallic Bi0 4f (157.01

and 162.33 eV), the Bi0 4f peaks in B-BTO exhibit a slight blue shift

(157.22 and 162.5 eV), indicating a reduction in electron cloud den-

sity and electron transfer away from Bi, which is consistent with

the computational results in Fig. 1. In addition, the Ti 2p orbital in

B-BTO (Fig. S9 in Supporting information) also shows a blue shift

compared to that in BTO, suggesting an increase in the electron

cloud density at the Ti sites. The XPS spectra in Fig. S10 (Support-

ing information) show three peaks at 529.25, 530.74, and 532.18 eV

in BTO, corresponding to lattice oxygen, oxygen vacancies, and sur-

face hydroxyl groups, respectively [31]. In contrast, the peaks for

oxygen vacancies and surface hydroxyl groups in B-BTO exhibit a

blue shift, likely due to the introduction of Bi enhancing the in-

teractions between the oxygen atoms in the BTO lattice and their

surrounding environment. Notably, the concentration of oxygen va-

cancies in B-BTO is significantly increased. This is further con-

firmed by the electron paramagnetic resonance (EPR) test results in

Fig. S11 (Supporting information), where the oxygen vacancy sig-

nal (g=2.003) in B-BTO is significantly stronger than that in BTO

[32]. This may be due to the lattice mismatch between metallic

Bi and BTO, which creates a stress field at the interface, causing

oxygen atoms to escape from the BTO lattice and form oxygen va-

cancies. Therefore, the loading of Bi not only provides an electron

buffer that reduces carrier recombination rates but also increases

the concentration of oxygen vacancies.

Subsequently, we evaluated the photocatalytic ammonia gener-

ation performance of BTO and B-BTO using a 300W xenon lamp as

the light source, under conditions without cocatalysts or sacrificial

agents (Fig. S12 in Supporting information). The produced NH4
+

was detected and quantified by using the Nessler reagent colori-

metric method and ion chromatography (the respective calibration

curves are shown in Figs. S13 and S14, Tables S1 and S2 in Sup-

porting information). During the detection process with Nessler’s

reagent, the pH range of the solution was between 7 and 10, where

this method can accurately quantify the ammonia yield [33]. Addi-

tionally, before the experiment, the high-resolution XPS N 1s spec-

tra of B-BTO were examined (Fig. S15 in Supporting information),

showing no detectable signal peaks, indicating that the raw mate-

rials used in the photocatalytic reaction contained no nitrogen im-

purities. Fig. 3a shows the photocatalytic nitrogen fixation perfor-

mance of B-BTO and BTO with high-purity nitrogen gas (99.999%)

as the feed in ultrapure water by using the Nessler reagent colori-

metric method. The results indicate that B-BTO produced 1377.27

μmol/g of ammonia in 2h at a steady rate of 686.95μmol g−1 h−1,

while the pure BTO produced 42.71 μmol/g of ammonia in the

same period at a steady rate of 24.33 μmol g−1 h−1. Consis-

tent results were obtained from ion chromatography measure-

ments (Fig. S16 and Table S2 in Supporting information), where

the ammonia proudction rate was estimated to be 674.07 and

23.19 μmol g−1 h−1, respectively, confirming the reliability of the

nitrogen fixation activity. From Tables S3 and S4 (Supporting in-

formation), it can be seen that the Ohmic contact structure of

B-BTO has surpassed the highest performance of pyrochlore ma-

terials in photocatalytic nitrogen fixation and is also leading in

recently published studies. Furthermore, no hydrogen gas was de-

tected and only a small amount of oxygen was produced during

the process (Fig. S17 in Supporting information).

From Fig. S18 (Supporting information), it can be seen that the

apparent quantum efficiency (AQE) of B-BTO under monochromatic

light irradiation at 365, 420, 490, and 550nm results in ammo-

nia yields of 1.13%, 0.93%, 0.79%, and 0.58%, respectively. To ver-

ify the accuracy of the experimental results, control experiments

were conducted under different conditions. As shown in Fig. 3b,

B-BTO exhibits significant nitrogen fixation activity only under vis-

ible light irradiation and a stable nitrogen supply, while no ammo-

nia production was detected under dark conditions or in an argon

atmosphere. This further confirms that the ammonia generation is

achieved through photocatalytic nitrogen fixation via nitrogen gas

feed.

Additionally, we tested the stability of B-BTO. After five cycles,

the sample retained 98% of its catalytic performance (Fig. 3c); the

ammonia production rate showed almost no change during contin-

uous 8h light irradiation tests (Fig. S19 in Supporting information).

XRD and high-resolution Bi 4f spectra analysis showed no signifi-

cant shift in the peak positions of metallic Bi (Figs. S20 and S21

in Supporting information). These results suggest that B-BTO pos-

sesses high stability, which can be attributed to its excellent Ohmic

contact characteristics. These characteristics ensure rapid charge

transfer to the catalyst’s active sites, reducing stress or heat ac-

cumulation caused by light irradiation and thereby preventing ma-

terial degradation.

The adsorption, activation, and hydrogenation processes of ni-

trogen on the surface of B-BTO were further studied using in-situ
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Fig. 3. (a) Quantitative determination of the generated NH3 under visible light irradiation catalyzed by B-BTO and BTO. (b) NH4
+ synthesis rate of B-BTO and BTO under

different conditions. Inset is the zoom in of the shaded area in the figure. (c) Cycling tests of photocatalytic nitrogen fixation. (d) In situ FTIR spectra of B-BTO. (e) Diagram

of B-BTO Activated Nitrogen. (f) Calculations of charge density difference of N–NH. Isosurface level=0.002 e Å−3; negative charge, blue; positive charge, yellow.

infrared spectroscopy. As shown in Fig. 3d, under light irradiation,

the vibrational peak at 1639 cm-1 corresponding to chemisorbed

N2 molecules (∗N2) gradually intensified [34], indicating an en-

hanced chemisorption capacity of B-BTO for N2. Simultaneously,

the intensities of the vibrational bands at 1301, 1722, and 3251

cm−¹ also increased, which correspond to the characteristic vibra-

tions of adsorbed NH3 [35]. Peaks at 1401 and 2818 cm-1 are re-

lated to surface NH4
+ [36], while the peaks at 1476 and 1558 cm-1

are attributed to the presence of NH intermediates [37], suggesting

that light irradiation facilitates the conversion of N2 to NH4
+. The

vibrational bands at 951 and 3465 cm-1 are attributed to the pres-

ence of hydroxyl groups [38]. Notably, no characteristic vibrations

of N2H4 were detected at 1129 and 1290 cm-1, further confirming

the selective formation of NH4
+ in the nitrogen fixation reaction

(Fig. S22 in Supporting information).

To further investigate the mechanism of the nitrogen reduc-

tion reaction (NRR), we calculated the differential charge distribu-

tion for the rate-determining step of ammonia synthesis, specifi-

cally the protonation of N2 to form N–NH (N2 +H+ →N–NH). As

shown in Figs. 3e and f, there is a significant electron depletion re-

gion around the Ti sites, while an obvious electron accumulation

is observed on N2H. This occurs because the outermost d orbitals

of Ti possess strong electron affinity and electron-donating capa-

bilities. Consequently, the d orbitals of Ti hybridize with the π ∗

anti-bonding orbitals of nitrogen, allowing electron transfer from

the Ti d orbitals to the anti-bonding orbitals of N2. This electron

transfer weakens the N≡N triple bond, effectively activating the

N2 molecule for further reaction. Notably, the electron depletion

region is primarily concentrated near the surface of Bi and BTO,

with the Bi metal acting as an electron reservoir, extracting elec-

trons from BTO and temporarily storing them. This aligns with

the previously discussed mechanism of Bi serving as an electronic

buffer. This process effectively reduces the carrier recombination

phenomenon in BTO, allowing the electrons in BTO to be trans-

ferred more efficiently to the reaction sites. The electron depletion

observed between Bi and BTO, along with the electron accumula-

tion at the Ti-N-NH sites, indicates a systematic transfer of elec-

trons across the entire interface. Bi functions as an electron reser-

voir, preventing rapid recombination of electrons and holes, while

the Ti sites provide critical active sites for the reduction reaction

of N2.

The UV–visible diffuse reflectance spectroscopy (UV–vis DRS)

measurements (Fig. 4a) show that BTO exhibits an absorption

threshold of approximately 466nm, while the absorption range of

the Bi-BTO composite material extends into the visible light region.

Notably, the B-BTO composite material exhibits a weak broad peak

around 550nm, likely attributed to the surface plasmon resonance

(SPR) of metallic Bi nanoparticles. Furthermore, from the corre-

sponding Tauc plot, it can be estimated that BTO has a bandgap of

2.31 eV. Additionally, the Mott-Schottky plot (Fig. 4b) evaluates the

flat band potential at multiple frequencies, revealing that the flat

band potential of BTO is −0.73 eV, with a positive slope indicating

that BTO behaves as an n-type semiconductor. The corresponding

energy level structure is shown in Fig. S23 (Supporting informa-

tion).

We conducted photoelectrochemical measurements to analyze

the separation, transfer, and recombination of photogenerated

charge carriers under simulated sunlight irradiation. As shown in

Fig. 4c, the transient photocurrent response (TRCP) of the B-BTO

composite material is significantly higher than that of BTO, indi-

cating that the synergy between Bi and BTO enhances the gener-

ation and separation efficiency of photogenerated charge carriers.

The introduction of metallic Bi improves the production of charge

carriers and enhances their transport properties, ultimately result-

5
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Fig. 4. (a) UV–vis absorption reflectance spectra of BTO and B-BSO. Inset is the Tauc plot of BTO. (b) Mott-Schottky plots of BTO at different frequencies in 0.5mol/L K2SO4.

(c) Photocurrent curves of BTO and B-BTO at various times under solar-light irradiation using a three-electrode setup. (d) Nyquist plots of BTO and B-BTO. (e) Steady-state

and (f) time-resolved PL emission spectra of BTO and B-BTO. Excitation wavelength: 445nm.

ing in a higher surface electron density. In the electrochemical

impedance spectroscopy (EIS) measurements (Fig. 4d), the Nyquist

plot of B-BTO shows that the charge transfer resistance (RCT) has a

smaller arc radius compared to BTO, indicating that Bi-BTO exhibits

a lower RCT. This further suggests that the barrier-free characteris-

tics of Ohmic contacts significantly facilitate electron transfer, re-

ducing interfacial resistance.

In the steady-state photoluminescence (PL) tests, we obtained

results consistent with previous findings. As shown in Fig. 4e, the

steady-state PL emission intensity of B-BTO is lower than that of

BTO, indicating that the radiative recombination rate of photogen-

erated electrons and holes in the B-BTO material is significantly re-

duced, resulting in higher charge carrier separation efficiency and

longer lifetimes. Further investigation through time-resolved tran-

sient PL (TRPL) spectroscopy measurements (Fig. 4f) confirmed this

observation. In the TRPL measurements (Table S5 in Supporting

innformation), we found that the decay lifetime of surface defect

trap states (τ 1) is similar (1.68ns vs. 1.25ns), while the decay life-

time of direct transition radiation (τ 2) increased from 1.25ns in

BTO to 4.96ns in Bi-BTO. This indicates that the primary factor af-

fecting the lifetime of photogenerated charge carriers is not the

defect states but rather the direct transition radiation of the ma-

terial itself. This phenomenon can be attributed to the improved

separation and migration of charge carriers at the B-BTO interface,

allowing more carriers to participate in light emission or reactions.

Using the formula τ = (A1τ
2
1

+ A2τ
2
2
)/(A1τ1 + A2τ2), we calculated

the average PL lifetimes of BTO and B-BTO to be 1.25ns and 2.31ns,

respectively. This result is highly consistent with the photocatalytic

nitrogen fixation performance and the characteristic of Ohmic con-

tacts in prolonging charge carrier lifetimes.

In summary, this study confirmed the work function matching

between metal Bi and BTO through preliminary DFT calculations,

indicating their ability to form Ohmic contacts. Subsequently, B-

BTO composites were successfully synthesized using a one-step hy-

drothermal method. The introduction of Bi not only enhanced the

material’s absorption of visible light but also significantly improved

the separation and transfer efficiency of photogenerated charge

carriers through the formation of Ohmic contacts. At the same

time, the Ohmic contact between metallic Bi and BTO has enabled

B-BTO to surpass the efficiency limits of pyrochlore structures in

photocatalytic nitrogen fixation. Furthermore, photoelectrochemi-

cal tests and TRPL measurements further demonstrated that B-BTO

materials exhibit longer photogenerated carrier lifetimes and lower

charge transfer resistance. By integrating experimental results with

theoretical calculations, this study highlights the immense poten-

tial of metal-semiconductor Ohmic contacts in photocatalytic ni-

trogen fixation and provides new insights for developing efficient

photocatalysts.
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