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Metal/TiO2 composite photocatalysts with tunable activity for 
nitrogen fixation: The impact of metal nanoparticles†
Wenjie Guo,‡a Xuejing Wang,‡a Xiao-Li Pu,‡b Wenlong Xiang,a Chao Yang,b Yanhui Zhang*a and 
Zhi-Bin Fang*b

Photocatalytic N2 fixation reactions can harvest solar energy to convert the abundant but inert N2 into available NH4
+. 

Nanoscale metal/semiconductor composites are among the most developed photocatalysts for the conversion, whereas 
systematic investigations for the impact of metal species and status on their photocatalytic performance are rarely 
reported. Herein, metal nanoparticle-modified TiO2 (M-TiO2, M =Au, Pd, Cu) were selected as model composites for 
photocatalytic N2 fixation. By varying the metal species and reductants in the synthesis, the obtained M-TiO2 exhibited 
tunable photocatalytic activities for nitrogen fixation. Among them, Cu-TiO2 prepared with sodium borohydride 
performed the highest rate of NH4

+ production (16.3 mg·L-1·h-1). Mechanism studies revealed that the high activity of Cu-
TiO2 was attributed to the synergistic effect among the small size of Cu NPs (2-6 nm), the enhanced interfacial 
interactions, and the high usage of photogenerated electrons. This work may guide the design of efficient 
metal/semiconductor photocatalysts for nitrogen fixation and other energy conversion reactions.

Introduction
Ammonia is of extraordinary significance to the development 
of living organisms and a sustainable society. In nature, 
ammonia (NH3) is an important raw material for fertilizer 
production and plays a critical role in agriculture, industrial 
development, and energy conversion/storage. Fixing nitrogen 
and converting it to ammonia is an effective way to realize the 
nitrogen cycle in the ecosystem. Notably, the conversion of 
nitrogen to ammonia requires the breaking of the N≡N bond 
in nitrogen.1-3 Because of the robust N≡N bond, which has 
an extremely high bond energy (940 kJ·mol-1) of nitrogen, 
breaking the N≡N bond is challenging.4-6 Thus, artificial 
nitrogen fixation is highly desired. Undeniably, the industrial 
Haber-Bosch strategy is the most effective artificial ammonia 
synthesis technology. However, this process consumes a lot of 
energy and releases significant amounts of greenhouse gases. 
It is essential to develop green and cost-effective 
technologies for ammonia synthesis. Much effort has been 
devoted to developing artificial nitrogen fixation methods, 

including photocatalysis and electrocatalysis.7-11 Among them, 
photocatalytic nitrogen fixation uses green and pollution-free 
renewable solar energy as the primary energy source, nitrogen 
as the raw material, and water as a reducing agent to produce 
ammonia, which is considered the most promising method.12-16

Various materials are used as photocatalysts to synthesize 
ammonia, including BiOX, Bi2MoO6, BiVO4, TiO2, CdS, In2S3, 
g-C3N4, hydrogen-bonded organic frameworks and so on.17-20 
TiO2 has been widely reported as a high-quality photocatalyst 
in industrial, pharmaceutical, agricultural applications due to 
its excellent stability, non-toxicity, and low cost.21-23 P25 is a 
commercial TiO2 with both anatase and rutile crystal phases 
(80:20). The increased photocatalytic activity of P25 
compared with monocrystal TiO2 is attributed to the fact that 
rutile acts as an electronic receiver, facilitating the separation 
of photogenerated carriers in anatase. At the same time, acting 
as the active component allows the holes in anatase to migrate 
to the TiO2 surface.24 However, due to the low charge 
separation efficiency of  P25, the improvement of 
photocatalytic performance is not significant. Therefore, 
modifications are needed to facilitate vector separation and 
increase activity.25-27 Previous studies confirm effective 
strategies for improving the photocatalytic activity of TiO2 
(P25), including doping, defects, loading, and surface 
modification.28-31 Surface modification is one of  the most 
effective strategies for improving the photocatalytic 
performance of catalysts. The surface modification can 
improve the light absorption capacity of the supported materials 
in the visible region of the solar spectrum, and thus 
improve the photochemical properties of the supported 
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materials.32-33 At the same time, it can promote the migration 
of photogenerated carriers, thus reducing the recombination of 
electron-hole pairs.34-37

In recent years, various elements have been investigated 
for TiO2 loading/modification. The precious metals Au and 
Pd are considered the most promising co-catalysts for 
improving photocatalytic performance. Because they can alter 
the charge transfer characteristics between TiO2 and the 
surrounding environment when modifying TiO2, thereby 
enhancing the photocatalytic activity of TiO2 materials.38-40 In 
addition, non-noble metals (Fe, Cu, Zn, etc.) can extend the 
light absorption range of TiO2 to the visible light region.41-44 
Among these transition metals, Cu is an excellent modifier to 
adjust the low efficiency of TiO2 in charge separation. Because 
it allows light absorption to extend into the visible region, it can 
also act as a charge-carrier catcher, thus inhibiting 
photogenerated electron-hole pair recombination.45-47 
However, there are few systematic reports focusing on the 
impact of species and status of metal nanoparticles on 
photocatalytic nitrogen fixation activities of metal-loaded TiO2 
composites.

In this work, different metal-loaded TiO2 (M-TiO2, 
M=Au, Pd, Cu) composites were synthesized via a simple 
chemical reduction method using ascorbic acid or NaBH4 as 
reductants. The impact of metal types and particle sizes on the 
nitrogen fixation performance of M-TiO2 was discussed. The 
analysis results showed that the photocatalytic performances 
of M-TiO2 could be tuned by the selection of reductants and 
metal precursors. Cu-TiO2 prepared with NaBH4 as a 
reductant exhibited the highest activity for photocatalytic 
nitrogen fixation with an NH4

+ production rate of 16.3 mg·L-1·h-

1. The mechanism for the superior photocatalysis by Cu-TiO2 
was further proposed, which originated from the synergistic 
effect among the small size of Cu NPs (2-6 nm), the 
enhanced interfacial interactions, and the high usage of 
photogenerated electrons.

Experimental section
Preparation

Reagents. Palladium chloride (PdCl2), sodium metaborate 
(NaBH4), and gold trichloride (AuCl3·HCl·4H2O) were 
obtained from Sinopharm Chemical Reagent Co., Ltd. Titanium 
dioxide (P25) was obtained from Evonik Industries AG 
(Shanghai). Ascorbic acid and copper chloride dihydrate 
(CuCl2·2H2O) were obtained from Xilong Chemical Co., Ltd. 
Ethanol, ethylene glycol and seignette salt were obtained from 
Xilong Science Co., Ltd. Nessler’s reagent was obtained from 
Changde Beekman Biotechnology Co., Ltd. All the chemical 
reagents without any further purification processes, were of 
analytical grade and used directly.

Synthesis. M-TiO2 (M=Au, Pd, Cu) catalysts were 
synthesized via a simple chemical reduction method using 
ascorbic acid or NaBH4 as reductants (Scheme 1). The 
loadings of metal NPs were 2 wt%, which is a reasonable 
loading based on our previous reports.48,49 HAuCl4,  
H2PdCl4, and CuCl2 were selected as the metal precursors.

Scheme 1 Schematic diagram for the synthesis of M-P25.

Typically, 0.2 g of TiO2 nanoparticles and 4.5 mmol of 
reductant were dispersed in 150 mL of deionized water after 
ultrasonic treatment for 5 min to form a uniform mixture. The 
desired volume of as-prepared metal precursor solutions was 
added dropwise to the mixture, followed by stirring in an oil 
bath at 60°C for 3 h. Finally, the solid products were 
obtained, washed with ethanol and water three times, and 
dried in a vacuum oven at 60℃ for 12 h. The catalysts 
synthesized with NaBH4 and ascorbic acid as reductants were 
named M-TiO2-S1 and M-TiO2-S2, respectively.
Characterization
The crystalline structures of the as-prepared samples were 
characterized by powder X-ray diffraction (XRD) analysis 
using an Ultima IV X-ray diffractometer (Rigaku, Japan) with 
Cu-Kα1 radiation (λ=0.15406 nm) operated at 40 kV and 40 
mA in the range from 5° to 80°. The transmission electron 
microscopic (TEM) images and high-resolution TEM 
(HRTEM) images were taken on a Tecnai G2 F20 microscope 
(FEI, US) with a high-angle annular dark-field detector to 
observe the morphology of the samples. The elemental 
composition of the obtained samples and the chemical states 
were investigated by X-ray photoelectron spectroscopy (XPS, 
Thermo ESCALAB 250XI) and the Fourier-transform infrared 
spectroscopy (FT-IR, Nicolet iS 10) with a resolution of 4 cm-1. 
The UV-Vis diffuse reflectance spectroscopy (DRS) was 
conducted using a UH4150 model ultraviolet-visible near-
infrared spectrophotometer. The light absorption range and 
capacity of samples were determined by UV-Vis DRS with 
BaSO4 as the internal reflectance standard over a wavelength 
range of 200-800 nm. The Brunauer-Emmett-Teller (BET) 
specific surface areas and pore structures of the as-prepared 
samples were analyzed using a N2 adsorption-desorption 
isotherm apparatus (Quadrasorb evoTM, US). Ion 
chromatography (ICS-1100, US) was used to determine the 
ammonia yield. The contents of metals were quantitatively 
analyzed on an Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES, Agilent 720ES).
Test of photocatalytic activity
The photocatalytic performance of N2 fixation for the as-
prepared catalysts was estimated based on the production rate 
of NH4

+ in a double-walled quartz reactor. A 300 W Xenon 
lamp (PLS-SXE300C, Beijing Perfectlight Co. Ltd) was used as 
a light source in the nitrogen fixation reactions. In a typical 
photocatalytic experiment, 25 mg of the photocatalyst was 
dispersed in a 130 mL mixture of ethylene glycol and deionized 
water (volume ratio 1:9). Before turning on the light, the mixed 
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solution was stirred in the dark while high-purity N2 bubbled on 
for 30 min to remove air interference and achieve the 
adsorption-desorption equilibrium in the system. During the 
photocatalysis process, an external cooling water circulation 
system was used to maintain the reaction temperature at 20 °C. 
The distance from the light source to the liquid surface was 11 
cm. 5 mL of the liquid sample was taken out at 1 h intervals 
and filtered through the 0.22 μm membrane filter. The reaction 
lasted for 6 h, and the content of the product in the reactor was 
measured every 1 h. The NH4

+ concentration was determined 
using Nessler's reagent method and was detected by UV-
Visible spectrophotometry at 420 nm of the absorption 
wavelength.26,50

Photoelectrochemical measurements
The electrochemical impedance spectroscopy (EIS) and 
transient photocurrent response were measured on a CHI660D 
electrochemical workstation (Chenhua, China). The working 
electrode was prepared using fluorine-doped tin oxide (FTO, 
1×2 cm) glass previously cleaned via ultrasonication in ethanol 
for 30 min, followed by drying at 60 °C. A total of 10 mg of 
sample was dispersed in 1 mL of deionized water and deposited 
onto the pretreated FTO glass surface. In addition, Ag/AgCl 
and a Pt network were used as the reference and the counter 
electrodes, respectively. The electrolyte solution used in the 
electrochemical test was a 0.5 M Na2SO4 solution.

Results and discussion
The crystalline features and chemical structures of as-prepared 
samples were determined via X-ray diffraction (XRD) patterns and 
Fourier transform infrared (FTIR) spectroscopy. As shown in Fig. 1, 
characteristic diffraction peaks at approximately 25.3°, 27.6°, 37.8°, 
48.0°, 53.9°, 55.1° and 62.6° correspond to the crystallographic 
planes of (101), (110), (004), (200), (105), (211), and (204), 
respectively. All the diffraction patterns of TiO2 (P25) and M-TiO2 
were consistent with those of anatase (JCPDS, No. 21-1272) and 
rutile TiO2 (JCPDS, No. 21-1276). However, the diffraction peaks 
of Au, Pd, and Cu NPs were not observed in any of the M-TiO2 
samples, which may be attributed to the small particle sizes and low 
doping contents of metal NPs (Fig. S1†). As shown in the FT-IR 

Fig. 1 XRD patterns of TiO2 and M-TiO2-S1.

spectrum of the TiO2 and M-TiO2 samples (Fig. S2†), the 
broad bands at approximately 3433 cm-1 and 1638 cm-1 were 
attributed to the bending vibration of O-H and the symmetric 
stretching vibration of Ti-O, respectively, which agrees well 
with TiO2. These results suggest that the chemical structure 
of TiO2 was maintained upon loading metal NPs. To 
investigate the surface element composition and the 
elemental states of M-TiO2, all samples were analyzed by X-
ray photoelectron spectroscopy (XPS). As can be seen from 
Fig. S3a,† the XPS survey spectra of Cu-TiO2 catalyst 
confirmed the existence of C, Ti, and O elements. However, 
it was found that the Cu 2p signal was not detected on Cu-
TiO2-S2 sample. This result suggests that the reductant 
ascorbic acid hardly reduced Cu2+ to Cu NPs. In contrast, 
the XPS survey spectra of all Au-TiO2 and Pd-TiO2 
catalysts exhibited the presence of C, Ti, O, and either Au or 
Pd elements, indicating that both ascorbic acid and NaBH4 
reductants can successfully reduce precious metals Au and Pd 
(Fig. S3b and S3c†). In addition, the high-resolution Cu 2p 
spectrum is depicted in Fig. 2a, exhibiting two higher peaks 
ascribed to Cu0 2p1 / 2  and 2p3 / 2 , and the other two assigned to 
Cu2+ 2p1 / 2  and Cu 2p3 / 2 , respectively. As shown in Fig. 2b, 
the high-resolution spectrum of Au displays peaks at 
approximately 87.3 eV and 83.5 eV, corresponding to two 
distinct spin-orbit pairs, Au0 4f5/2 and Au 4f7 / 2 . In addition, 
the high-resolution spectrum of Pd displays peaks at 
approximately 340.6 eV and 335.3 eV, corresponding to two 
distinct spin-orbit pairs, Pd0 3d5/2 and Pd 3d3/2 (Fig. 2c and 
2d). The other two peaks observed at approximately 336.5 
eV and 341.5 eV belong to Pd2+, indicating a low loading 
amount of Pd2+ in Pd-TiO2-S2. These analysis results suggest 
that the M-TiO2 samples have been successfully prepared, 
except for Cu-TiO2-S2.

Fig. 2 The high-resolution XPS survey spectra of Cu-TiO2 (a), Au-
TiO2 (b) and Pd-TiO2 (c, d).
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Fig. 3 TEM images (a, c), size distribution of Cu NPs (b), and 
energy-dispersive X-ray spectra (d) of Cu-TiO2-S1.

To further demonstrate the formation of Au, Pd, and Cu 
NPs on the TiO2 surface, we performed transmission electron 
microscopy (TEM) analysis of M-TiO2-S1 (M = Au, Pd, and 
Cu). As shown in Fig. 3, Fig. 4, and Fig. S4,† Au, Pd, and Cu 
NPs were all uniformly dispersed on the surface of TiO2. The 
size distribution analysis shows that the size of Cu NPs is in 
the range of 2-6 nm (Fig. 3b). In addition, the EDS (Energy 
Dispersive Spectroscopy) spectrum demonstrates that Cu-TiO2-
S1 contains Ti, O and Cu elements (Fig. 3d). The Mo 
elements mainly come from the molybdenum mesh support 
for TEM testing. Furthermore, when NaBH4 was used as a 
reductant, Au NPs had a particle size distribution of about 2-6 
nm, which is smaller than that of Pd NPs (3-8 nm), as shown in 
Fig. 4. However, when we replaced the reductant with 
ascorbic acid, the size of Au NPs increased significantly (5-
20 nm), while the size of Pd NPs did not change (Fig. S4b and 
S4d†). This obvious difference in particle size changes explains

Fig. 4 TEM images and size distribution of Au-TiO2-S1 (a, b) and 
Pd-TiO2-S1 (c, d)

the main reason why the selection of the two reductants has 
little effect on the catalytic performance of  Pd-TiO2, but a 
significant effect on Au-TiO2, which we refer to as the size 
effect. In conclusion, both Au and Cu NPs reduced by NaBH4 
have the advantage of a smaller size.

The performance of the photocatalytic nitrogen fixation of 
all samples was evaluated, as shown in Fig. 5a and 5b. The 
total amount of ammonia nitrogen was measured by Nessler's 
reagent spectrophotometry, and the standard curve is shown in 
Fig. S5.† Compared with the previous preparation methods 
of TiO2 loaded metals for photocatalytic reactions, the 
preparation method described in this paper is simpler.40-42 
Furthermore, previous studies have not systematically 
compared the effects of different reductants on the nitrogen 
fixation activity of noble metal and transition metal loaded 
TiO2. In addition, the nitrogen-fixing performance of 
different types of catalysts was compared, as shown in Table 
S1†. From Fig. 5a, it can be seen that the nitrogen fixation 
activity of M-TiO2-S1 composites has improved to a certain 
extent compared with pure TiO2. The as-prepared Cu-TiO2-
S1 exhibited the best photocatalytic nitrogen fixation 
performance under simulated sunlight, achieving a rate of up 
to 16.3 mg·L- 1 ·h- 1 , indicating that its utilization of  
photogenerated carriers is very efficient (Fig. 5c). For both 
NaBH4 and ascorbic acid, the yield of Pd-TiO2 shows that the 
choice of reductant has little effect on the performance of 
photocatalytic nitrogen fixation in Pd-TiO2. Ordinarily, a 
smaller particle radius provides more reactive sites, which 
leads to a better catalytic effect. In the case of Au-TiO2, the 
Au NPs reduced by NaBH4 have a smaller size (2-6 nm), 
resulting in an ammonia yield when NaBH4 is used as a 
reductant that is three times higher than that obtained with 
ascorbic acid. Thus, the choice of reductant greatly influences 
the performance of photocatalytic nitrogen fixation in Au-
TiO2. 
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Last but not least, we found that the choice of reductant had 
the most significant impact on the photocatalytic N2 fixation 
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ability of Cu-TiO2. The ammonia production rate of Cu-
TiO2-S1 is the highest, 33.5 times greater than that of Cu-
TiO2-S2, primarily due to the weak reducing ability of ascorbic 
acid, which cannot reduce Cu.

Following the blank experiments and control experiments 
tests for photocatalytic nitrogen fixation, the results of the blank 
experiments showed that hardly any nitrogen fixation activity 
was observed in the absence of a catalyst, N2, or light 
irradiation. In addition, we used argon instead of N2 in the 
reaction. It was found that almost no ammonia was 
detected under an argon atmosphere in the presence of Cu-
TiO2-S1, indicating that N2 was the primary source of 
ammonia synthesis, as shown in Fig. S6a.† To verify the 
reliability of  the ammonia yield determined by the Nessler's 
reagent method, ion chromatography was used to further 
assess the ammonia yield. A characteristic peak of NH4

+ was 
observed in the ion chromatogram (Fig. S6b†). The analysis 
results show that the ammonia yield detected by ion 
chromatography was consistent with that obtained by the 
Nessler's reagent method. In addition, XRD patterns after 
the reaction showed the same diffraction peaks as before, and 
no diffraction peaks of CuO and Cu2O were found (Fig. 
S6c†), indicating that Cu-TiO2-S1 has good stability.

The above results show a significant difference in the 
photocatalytic activity of different M-TiO2 composites 
prepared with ascorbic acid and NaBH4 as reductants. To 
explore the main reasons for the differences in the nitrogen 
fixation performance, we further conducted optical properties 
and photoelectrochemical characterization of the catalysts. 
We used the UV-Vis diffuse reflection spectrum (DRS) to 
investigate the optical absorption properties of the prepared 
samples. As shown in Fig. 6, the characteristic absorption 
edges of M-TiO2-S1 were located in the visible region. Au-
TiO2-S1 exhibits the strongest light absorption. However, Au-
TiO2-S1 displayed the lowest activity for nitrogen fixation 
among the M-TiO2-S1 catalysts (Fig. 5). Although Cu-TiO2-S2 
exhibited higher light absorption than Cu-TiO2-S1 (Fig. S7a†), 
there was a 12-fold increase in the nitrogen fixation activity of 
Cu-TiO2-S1 compared to Cu-TiO2-S2. Similarly, the DRS of 
Au-TiO2 indicated that Au-TiO2-S2 had better light absorption 
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ability than Au-TiO2-S1 (Fig. S7b†). Notably, a strong peak at 
about 550 nm appeared in the visible region, attributed to the 

localized surface plasmon resonance effect of  Au NPs. 
Nevertheless, the nitrogen fixation activity of Au-TiO2-S2 is 
much lower than that of Au-TiO2-S1. For Pd-TiO2, although 
there is a significant difference in their light absorption 
characteristics (Fig. S7c†), Pd-TiO2-S1 and Pd-TiO2-S2 
demonstrate almost the same nitrogen fixing performance. 
From the analysis results of the optical properties, it was found 
that the optical absorption characteristics of M-TiO2 are 
independent of their nitrogen fixation activity. Thus, it can 
be speculated that the differences in photocatalytic nitrogen 
fixation activity of M-TiO2 may not be due to their optical 
absorption properties.

To acquire more structural information about the 
samples, the specific surface areas and average pore sizes of 
M-TiO2-S1 were investigated using nitrogen adsorption-
desorption isotherms. M-TiO2-S1 exhibits a type IV (H3 
hysteresis loops) absorption isotherm, which corresponds to 
the characteristics of mesoporous materials (Table S2 and 
Fig. S8†). Generally, large specific surface areas are 
beneficial for exposing more active sites, thereby promoting 
photocatalytic performance. In addition, mesoporous 
materials allow reactants to react more efficiently. The 
specific surface areas of Au-TiO2-S1, Pd-TiO2-S1 and Cu-
TiO2-S1 were 48, 45, and 46 m2·g-1, respectively (Table 
S2†). It can be noted that there is no significant difference 
in the specific surface area, suggesting that the specific 
surface area is not the major influencing factor for 
photocatalytic nitrogen fixation performance.

Photoelectrochemical measurements, including the 
transient photocurrent and EIS spectra, were used to confirm 
the ability of the as-prepared catalysts to separate intrinsic 
charges. It is widely acknowledged that the smaller charge 
transfer resistance, the more favorable the transfer of 
photogenerated carriers in the photocatalytic system. As 
shown in Fig. 7a, among the samples of M-TiO2-S1, the 
Nyquist curve radius of Cu-TiO2-S1 is the smallest, indicating 
that the electrochemical reaction kinetics are the fastest. This 
suggests that Cu-TiO2-S1 has the highest ability to transfer 
photogenerated carriers, which is consistent with the activity 
observed in photocatalytic nitrogen fixation. It is noted that 
the charge transfer resistance of Cu-TiO2-S1 and Au-TiO2-S1 
is significantly lower than that of Cu-TiO2-S2 and Au-TiO2-
S2, respectively. This indicates that NaBH4 is more suitable 
than ascorbic acid as a reductant for preparing M-TiO2 
catalysts using Cu and Au precursors (Fig. S9a and S9b†). 
Furthermore, the samples exhibit a sensitive response under 
visible-light irradiation, with the order of photocurrent values 
being Cu-TiO2-S1 > Au-TiO2-S1 > Pd-TiO2-S1 (Fig. 7b), 
which aligns with the photocatalytic performance shown in 
Fig. 5. The photocurrent analysis results reveal that Cu-
TiO2-S1 is more favorable to promoting electron-hole 
separation and improving the utilization of photo-electrons. In 
contrast to Cu-TiO2-S1 and Au-TiO2-S1 reduced by NaBH4, a 
significant difference in photocurrent intensity was observed 
for Cu-TiO2-S2 and Au-TiO2-S2 reduced by ascorbic acid 
(Fig. S9c and S9d†). Cu-TiO2-S1 and Au-TiO2-S1 reduced by 
NaBH4 indeed show stronger photocurrent intensity. The result
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Fig. 7 EIS spectra of M-TiO2-S1 (a); transient photocurrent response 
measurements under visible-light irradiation of M-TiO2-S1 (b).

shows that it has better photon-generated carrier separation and 
migration ability. The analyses confirm that Cu-TiO2-S1 
exhibits good interfacial charge transfer ability, thereby 
promoting photoexcited electron-hole separation, which is 
crucial for enhancing the photocatalytic nitrogen fixation 
performance of Cu-TiO2. This may also explain the differences 
in nitrogen fixing performance of M-TiO2 synthesized by 
different reductants.

Based on the analysis results above, we propose a 
feasible photocatalytic N2  fixation mechanism for the Cu-
TiO2-S1 catalyst. Through the valence band spectrum and 
band gap diagram, we calculated the conduction and valence 
band positions of  TiO2 to be -0.28 eV and 2.9 eV, 
respectively (Fig. S10a and S10b†). As shown in Fig. 8, the 
photogenerated electrons (e-) and holes (h+) are generated 
on the surface of the TiO2 (P25) nanoparticles under simulated-
solar-light irradiation. When irradiated, photo-induced 
electrons on TiO2 transfer to the transition metal Cu0/Cu2+ 
surface for nitrogen fixation reaction, while holes oxidize 
ethylene glycol. During this process, the binding of the 
titanium site to the Cu0/Cu2+ surface induces favorable 
electron migration. As a result of the rapid transfer of 
electrons to Cu0/Cu2+, chemically adsorbed N2 molecules on 
the metal sites are activated, thus reducing the activation 
barrier and improving the utilization rate of photogenerated 
carriers. Therefore, the high photocatalytic activity of Cu-TiO2-
S1 can be attributed to strong electronic interactions. Firstly, 
the small size of the Cu0/Cu2+ NPs provides more active sites 
that accept more electrons, thus prolonging the lifetime of

Fig. 8 The feasible mechanism of photocatalytic nitrogen fixation of 
Cu-TiO2-S1 under simulated-solar-light irradiation.

charge carriers. Secondly, the enhanced interfacial 
interaction between Cu and TiO2 facilitates the conduction 
of photogenerated electrons, thereby further reducing the 
recombination of photogenerated electron-hole pairs and 
enhancing the efficiency of photocatalytic nitrogen fixation in 
Cu-TiO2-S1.

Conclusions
In summary, a series of metal-loaded TiO2 (M-TiO2, M = Au, 
Pd, Cu) photocatalysts were synthesized via facile chemical 
reduction with different reductants. The reductants affected the 
particle sizes and the reduction degrees of  loaded metals. With 
further tuning in metal species, the photocatalysis of M-TiO2 
was optimized, among which Cu-TiO2-S1 demonstrated the 
highest activity for nitrogen-to-ammonia production (16.3 
mg·L-1·h-1). Characterizations revealed that the small size of 
the loaded Cu NPs induced more active sites for photocatalysis 
and that the strong interaction between Cu and TiO2 promoted 
electron-hole separation, leading to more efficient adsorption 
and activation of N2 molecules. This work not only showcases 
advanced materials for photocatalytic nitrogen fixation but also 
demonstates accessible methods for material optimization 
toward high activities, which contributes to the design and 
development of more advanced photocatalysts.
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