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a b s t r a c t

Ammonia is one of the most essential chemicals in the modern society but its production still heavily re-

lies on energy-consuming Haber-Bosch processes. The photocatalytic reduction of nitrogen with water for

ammonia production has attracted much attention recently due to its synthesis under mild conditions

at room temperature and atmospheric pressure using sunlight. Herein, we report a high-performance

Au/MIL-100(Cr) photocatalyst, comprising MIL-100(Cr) and Au nanoparticles in photocatalytic nitrogen

reduction to ammonia at ambient conditions under visible light irradiation. The optimized photocatalyst

(i.e., 0.10Au/MIL-100(Cr)) achieved the excellent ammonia production rate with 39.9 μg gcat
−1 h−1 com-

pared with pure MIL-100(Cr) (2.73 μg gcat
−1 h−1), which was nearly 15 times that on pure MIL-100(Cr).

The remarkable activity could be attributed to the adsorption-plasmonic synergistic effects in which the

MIL-100(Cr) and Au are responsible to the strong trapping and adsorption of N2 molecules and photo-

induced plasmonic hot electrons activating and decomposing the N2 molecules, respectively. This study

might provide a new strategy for designing an efficient plasmonic photocatalyst to improve the photocat-

alytic performance of N2 fixation under visible light irradiation.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ammonia is a commodity chemical for human society in indus-

try and agriculture, and also plays an important role as energy car-

rier for hydrogen [1–4]. The ever-increasing demand for ammonia

has driven much research interests in the large scale of its produc-

tion. In general, the organisms convert the atmospheric nitrogen

to ammonia by the enzyme nitrogenase which is the main way

to produce ammonia in nature [5,6]. Currently, most of its indus-

trial production still depends on the traditional Haber-Bosch pro-

cesses which require a harsh reaction condition (400-500 °C and

150-50 atm), resulting in the large energy consumption [7,8]. Due

to the strong bond strength of N≡N (940.95 kJ/mol) for N2 dissoci-

ation [1,9], it is still a great challenge for green synthesis ammonia

from N2 and H2O under room temperature and ambient pressure

[10,11]. Recently, the photocatalytic reduction of nitrogen utilizes

the water as proton source as well as reaction solvent, and solar

light as energy input, has been considered as a sustainable technol-
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ogy for the synthesis of ammonia [12–17]. It is urgent to develop

highly efficient semiconductor catalysts to overcome the slow ad-

sorption/activation kinetics of N2 molecules. To date, among vari-

ous photocatalysts, titania-based materials are one of the most re-

searched photocatalysts owing to their excellent stability, environ-

mentally friendly feature and low cost [18–22]. Furthermore, the

modifications of metal oxides by heteroatoms doping, surface mod-

ification or the introduction of surface vacancies have been veri-

fied to enhance their photocatalytic performance at ambient con-

ditions with light irradiation [20,23]. Taking TiO2 as an example,

incorporating Fe as a dopant in the TiO2 nanoparticles can generate

oxygen vacancies and dopant energy levels, and the further mod-

ification of F is conducive to the adsorption and activation of N2

molecule. Therefore, F-Vo-TiO2 and F-Fe:TiO2 both exhibit a higher

NH3 production rate and faradaic efficiency (FE) than pristine TiO2

[24,25].

Beyond that, the localized surface plasmon resonance (LSPR) is

also a powerful way to improve the utilization of solar light for

photocatalysts [20,21,26-28]. The hot electrons generated by LSPR

can drive many chemical reactions, such as CO2 reduction and wa-
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ter splitting by using plasmonic metal-based heterostructures [29–

34]. In a typical chemical reaction, the reactants need enough en-

ergy to cross a threshold to complete the reaction. The previous

reports have demonstrated that the hot electrons whose temper-

ature can be as high as about 1100 °C generated on illuminated

Au NPs will lose energy to the reactants, pushing them to cross

that threshold, thereby speeding up the chemical reaction [35].

Thus the hot electrons also can dissociate and desorb both po-

lar and non-polar molecules [36,37], which is also beneficial to

enhance the performance of photocatalytic N2 reduction reaction

(NRR) [28,38,39].

The solubility of N2 in water is very low (8.21×10−4 mol/L at

0 °C when the N2 pressure above water is 0.790 atm), thus, increas-

ing the concentration of N2 on the surface of catalyst is also crucial

to increase the kinetic processes of NRR. Metal-organic frameworks

(MOFs), an emerging porous material with large surface area, have

an excellent absorption ability for the gas such as N2, CO2, CH4

[40–46]. Furthermore, unsaturated transition metal sites in MOFs,

such as Cr, Mo and Bi, have been reported to possess the abili-

ties of the adsorption and reduction of N2 [47–51]. For example, at

283 K and 1 bar of nitrogen gas, MIL-100(Cr) has been proved to

capture N2 effectively (1.64 mmol/g), which outperform the bench-

mark zeolite LiX (1.27 mmol/g), because of the presence of unsat-

urated Cr(III) sites [52–54].

In this work, we combine the LSPR effect of Au NPs and the

strong N2-adsorption ability of MIL-100(Cr) together for construct-

ing an effective visible-light driving photocatalyst for NRR under

ambient conditions. The as-obtained adsorption-plasmonic syner-

gistic photocatalyst Au/MIL-100(Cr) exhibited an obvious enhance-

ment about 18.4 times higher for ammonia formation compared to

that of the pure MIL-100(Cr) under visible-light irradiation. A high-

est apparent quantum efficiency (AQE) (0.07%) was achieved for re-

ducing N2 to ammonia under the visible-light irradiation (λ=550

nm). The superior activity could be ascribed to the hot-electron-

induced N2 dissociation and reduction to ammonia on the surface

of the illuminated Au NPs and the strong N2 absorption ability of

MIL-100(Cr). This work provides a promising strategy for the de-

sign of photocatalysts with the effective adsorption-plasmonic syn-

ergistic effect for artificial N2 fixation.

The preparation procedures of Au/MIL-100(Cr) catalyst were

schematically presented in Fig. 1a. The MIL-100(Cr) was firstly

prepared via hydrothermal method using metallic chromium and

trimesic acid as precursors and the Au nanoparticles (Au NPs) were

deposited on MIL-100(Cr) using HAuCl4 as the precursor and tri-

sodium citrate as reducing and stabilizing agent. The morphologies

of the as-synthesized MIL-100(Cr) and 0.10Au/MIL-100(Cr) were

investigated by FESEM and TEM (Figs. 1b-d). The as-synthesized

MIL-100(Cr) exhibited irregular blocky structure (Figs. 1b and c).

Au NPs were successfully deposited on the surface of MIL-100(Cr)

with particle sizes ranging from 20 nm to 30 nm, and the over-

all structure of MIL-100(Cr) was not damaged after the deposi-

tion of Au NPs (Fig. 1d and Fig. S1 in Supporting information).

Fig. 1e shows the XRD patterns of the as-synthesized MIL-100(Cr)

and 0.10Au/MIL-100(Cr). All diffraction peaks of as-prepared MIL-

100(Cr) matched well to the previously reported patterns [53,55],

indicating the successful synthesis of MIL-100(Cr). After the Au de-

position, the significant characteristic peaks located at 38.2°, 44.4°,
64.6°, 77.5°, corresponding to the (111), (200), (220), (311) crystal

planes of Au (JCPDS No. 04-0784), respectively. This result indi-

cated that the standard face-centered cubic (fcc) Au nanoparticles

were formed on the surface of MIL-100(Cr). Besides, the diffraction

peaks associated to MIL-100(Cr) were still observed in 0.10Au/MIL-

100(Cr) indicating the reservation of the MIL-100(Cr) structure. In

addition, no obvious differences of the peaks contributed by the

functional groups of MIL-100(Cr) of MIL-100(Cr) and 0.10Au/MIL-

100(Cr) in the FT-IR spectra (Fig. S2 in Supporting information). As

the TPD experiments revealed, both MIL-100(Cr) and 0.10Au/MIL-

100(Cr) catalysts exhibited physical adsorption (175 °C) and chem-

ical adsorption (300 °C) of N2, among which the characteristic

peaks of 0.10Au/MIL-100(Cr) were higher, indicating 0.10Au/MIL-

100(Cr) had a stronger adsorption capacity for N2 (Fig. S3a in Sup-

porting information). Particularly, the chemical environment of the

metal center (Cr) of the MIL-100(Cr) was well maintained after the

deposition of Au NPs, leading to the strong N2 adsorption capa-

bility of the as-formed 0.10Au/MIL-100(Cr) catalyst. The results in-

dicated that the excellent N2 adsorption capacity of 0.10Au/MIL-

100(Cr) was beneficial to the activation and reduction of N2 due

to the thermal electrons generated by Au nanoparticles. The BET

surface areas of MIL-100(Cr) and 0.10Au/MIL-100(Cr) were deter-

mined to be 1304 and 999 m2/g, respectively (Fig. 1f). In ad-

dition, the pore size distribution curves showed that the cata-

lyst changed from mesoporous structure (4-5 nm) to microporous

structure (<2 nm) after loading Au NPs (Fig. S3b in Supporting in-

formation). Therefore, we believe that the decreased surface area

of 0.10Au/MIL-100(Cr) catalyst may be attributed to the presence

of Au NPs, which block some pores of the MIL-100(Cr).

The as-obtained MIL-100(Cr) and 0.10Au/MIL-100(Cr) were fur-

ther characterized by the XPS measurements. Fig. 2a shows the

XPS spectra of MIL-100(Cr) and 0.10Au/MIL-100(Cr) and a typical

Au peak was observed in Au/MIL sample. In addition, the Cr, O and

C elements coming from MIL-100(Cr) were also observed in the

as-obtained Au/MIL sample. The high-resolution Au 4f XPS spec-

trum of Au/MIL (Fig. 2b) revealed two peaks located at 87.9 eV

and 84.3 eV, which were assigned to Au 4f5/2 and 4f7/2 of metal-

lic Au, indicating the complete reduction of AuCl4
− to metallic

Au. Fig. 2c displays the high-resolution Cr 2p XPS spectra of MIL-

100(Cr) and 0.10Au/MIL-100(Cr). The characteristic peaks at 586.9

eV and 577.4 eV can be assigned to Cr 2p1/2 and Cr 2p3/2 of Cr (III)

species. According to previous literatures, the unsaturated Cr (III)

sites enabled MIL-100(Cr) to selectively capture N2 molecules [54].

And a slight shift towards the lower binding energy of Cr 2p in

0.10Au/MIL-100(Cr) sample compared to that of MIL-100(Cr) states

was observed. Such results indicated that the 0.10Au/MIL-100(Cr)

photocatalyst could selectively adsorb N2 molecules with the as-

sistant of Cr(III) sites in MIL-100(Cr) and the unsaturated Cr (III)

sites obtained the hot electrons generated by LSPR effect of Au NPs.

The UV-vis diffuse reflectance spectra (UV-vis DRS) was utilized to

illustrate the light absorption range and LSPR effect of the sam-

ples. As shown in Fig. 2d, the UV-vis DRS spectrum of MIL-100(Cr)

exhibited two obvious adsorption peaks at 440 nm and 600 nm

in visible light sections which can be identified to d-d transitions

A2g → g1g and A2g → g2g of Cr(III) in MIL-100(Cr) [56]. The UV-vis

DRS spectra also confirmed that the Au NPs have been successfully

deposited on the MIL-100(Cr). With the introduction of Au NPs on

MIL-100(Cr), the adsorption intensity increased in visible-light re-

gions, and the as-synthesized 0.10Au/MIL-100(Cr) also displays an

apparent adsorption band at 538 nm which can be attributed to

LSPR excitation of Au NPs.

The activity of MIL-100(Cr) and 0.10Au/MIL-100(Cr) for photo-

catalytic NRR to ammonia were evaluated by using water as the

proton source and solvent under ambient conditions with the ir-

radiation of visible light (λ > 420 nm). The photocatalytic NRR

performance with different contents of Au NPs was investigated to

give the optimal Au NPs amount. Fig. S4a (Supporting information)

showed the XRD patterns of catalysts with different Au loadings,

showing that the intensity of Au diffraction peaks increased with

the increase of Au loading. The BET data (Fig. S4b in Supporting

information) showed that as the Au loading increased, the specific

surface area of the catalyst decreased. The reason was that the Au

loading blocked part of the pores on the MIL-100(Cr) surface. As

revealed in Fig. 3a, the ammonia formation rate was firstly greatly

enhanced upon increasing the amount of Au NPs from around 5%
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Fig. 1. (a) The schematic illustration of the preparation of Au/MIL-100(Cr). (b) The representative SEM and (c) TEM images of MIL-100(Cr). (d) TEM image of 0.10Au/MIL-

100(Cr), (e) XRD patterns and (f) the nitrogen adsorption/desorption isotherms curves of MIL-100(Cr) and 0.10Au/MIL-100(Cr).

Fig. 2. (a) XPS spectra of MIL-100(Cr) and 0.10Au/MIL-100(Cr); (b) high-resolution

Au 4f XPS spectrum of 0.10Au/MIL-100(Cr); (c) high-resolution Cr 2p spectra of MIL-

100(Cr) and 0.10Au/MIL-100(Cr). (d) The UV-vis DRS spectra of MIL-100(Cr) and

0.10Au/MIL-100(Cr).

to 10%, owing to the more active sites and more hot electrons gen-

erated by LSPR effect. 0.10 Au/MIL-100(Cr) achieved the highest

ammonia production rate at 39.9 μg gcat
−1 h−1. In addition, the

continued increment of Au contents led to the decrease of am-

monia formation rate, which may be contributed to the decrease

of surface areas with lower N2 adsorption capacities. These results

suggest that the balance between the amount of active sites and

trapped N2 molecules on the surface of Au/MIL-100(Cr) is crucial

for the reduction of N2 to produce NH3.

As shown in Fig. 3b, an obvious amount of ammonia was ob-

served after 12 h using 0.10Au/MIL-100(Cr) as photocatalysts, and

its amount was increased linearly along with the reaction time. As

a comparison, the ammonia formation rate is very low on MIL-

100(Cr) under the same conditions. The ammonia formation rate

on 0.10Au/MIL-100(Cr) catalyst surface reached 39.93 μg gcat
−1 h−1

which is about 15 times higher than that on pure MIL-100(Cr) sur-

face [57–60]. Such difference indicates that N2 molecules can be

effectively dissociated to form ammonia on the surface of Au NPs

due to the activation of plasmonic hot electrons. Control experi-

ments were also performed to confirm the source of nitrogen ele-

ment in ammonia. When the N2 was replaced by argon in the re-

action system (Fig. 3b), no ammonia was detected under the same

conditions indicating the nitrogen atoms in ammonia are origi-

nated from the N2. This photocatalytic NRR process was also con-

ducted in dark conditions for both MIL-100(Cr) and 0.10Au/MIL-

100(Cr) catalysts. However, no ammonia was observed (Fig. S5 in

Supporting information). That illustrated that the light irradiation

provides the required energy input for this photocatalytic NRR pro-

cess. To identify the role of water during the photocatalytic NRR

process, water was replaced by acetonitrile (CH3CN) as aprotic sol-

vent and, as shown in Fig. 3c, no ammonia was generated indicat-

ing water is the proton source in this process. To further illustrate

the activity of 0.10Au/MIL-100(Cr) for photocatalytic NRR process,

various control experiments were performed and the ammonia for-

mation rates were shown in Fig. 3d. Upon introducing the electron

scavenger (AgNO3) to consume the hot-electrons generated by Au,

the ammonia evolution rate was greatly suppressed. The ammo-

nia evolution rate was greatly suppressed with the addition of the

electron scavenger (AgNO3) indicating the hot-electrons generated

by Au are the key driving force to reduce N2 into ammonia. In ad-

dition, the hole scavenger, methanol, was also added into this sys-

tem and the ammonia formation rate was obviously promoted on

0.10Au/MIL-100(Cr) surface. This demonstrated that the rapid con-

sumption of holes was favorable for the photocatalytic NRR pro-

cess for ammonia production. In the absence of hole scavenger, the

holes will be consumed by the H2O via oxidizing OH− to O2 and
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Fig. 3. (a) NH4
+ formation rate of catalysts with different loading of Au under visible light (>420 nm); (b) NH4

+ formation rate of catalysts under visible light (>420 nm);

(c) control experiments of photocatalytic N2 fixation with using aprotic solvent (CH3CN); (d) photocatalytic NRR performance with 0.10Au/MIL-100(Cr) using AgNO3 as the

electron scavenger and methanol as the hole scavenger; (e) wavelength-dependent apparent quantum efficiency of the as-prepared 0.10Au/MIL-100(Cr) under monochromatic

light irradiation, in reference to its UV-vis diffuse reflectance spectra; (f) the NH4
+ production of catalysts with different ligand centers.

Fig. 4. Possible reaction mechanisms for the photocatalytic N2 fixation to form NH3.

O2 was indeed observed in this process (Fig. S6a in Supporting in-

formation). That means water was oxidized by the holes with the

formation of O2, and the generated protons (H+) would be utilized

for driving the ammonia production. Besides, although the byprod-

ucts, NO3
−, was also tracked, its yield can be neglected compared

to the ammonia formation rate during the process of photocatalytic

N2 fixation (Fig. S6b in Supporting information). Accordingly, the

overall reaction of the photocatalytic N2 fixation in the proposed

reaction system could be described as the following equation:

2N2(g) +6H2O(l) →4NH3(g) +3O2(g) (1)

To further investigate the LSPR effect of Au NPs and obtain

the action spectrum for photocatalytic NRR process, the activ-

ity tests of light wavelength-dependence for ammonia produc-

tion were measured in absence of scavenger with the irradiation

of different LED monochromatic light under the ambient condi-

tions. As shown in Fig. 3e, 0.10Au/MIL-100(Cr) can be utilized to

drive the ammonia evolution under light irradiation with different

monochromatic wavelengths. It was interesting that the highest

value (0.07%) of apparent quantum efficiency (AQE) for NRR was

obtained under 550 nm light irradiation. The AQE values would

be greatly decreased by choosing shorter (420 nm) or longer (650

nm) wavelength. Therefore, the results could be concluded that the

photocatalytic NRR process was mainly induced by the visible-light

induced LSPR effect on Au NPs. The as-formed 0.10Au/MIL-100(Cr)

framework could be utilized as an efficient and energy-saving pho-

tocatalyst for the reduction of nitrogen under visible and near IR

light irradiation.

The unsaturated Cr(III) that existed in MIL-100(Cr) has been re-

ported as effective sites for the adsorption of N2 at ambient con-

ditions due to its strong binding interaction with N2 [54]. As well

known, in nature, plants use nitrogenase to fix nitrogen, in which

Fe is the active center. On the other hand, as for the N2 adsorp-

tion isotherms, MIL-100(Fe) had been confirmed that it was infe-

rior to MIL-100(Cr) [54]. Thus, in order to verify the role of un-

saturated Cr(III) sites for its N2 adsorbed ability during the photo-

catalytic NRR process, a similar MOFs, MIL-100(Fe) was prepared

by replacing the Cr ligand center into Fe as the support for Au

NPs. The SEM images of MIL(Fe) (Fig. S7a in Supporting infor-

mation) and 0.10Au/MIL-100(Fe) (Fig. S7b in Supporting informa-

tion) also showed no structure changes after Au deposition. The
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Fig. 5. (a) The Mot-Schottky plots of MIL-100(Cr) and 0.10Au/MIL-100(Cr). (b) Transient photocurrent responses of MIL-100(Cr) and 0.10Au/MIL-100(Cr) under different gas

conditions. (c) Electrochemical impedance spectroscopy (EIS) of MIL-100(Cr) and 0.10Au/MIL-100(Cr). (d) Photoluminescence (PL) spectra of MIL-100(Cr) and 0.10Au/MIL-

100(Cr).

XRD pattern of 0.10Au/MIL-100(Fe) (Fig. S8a in Supporting infor-

mation) also showed the typical diffraction peaks from the face-

centered cubic (fcc) Au nanoparticles. Meanwhile, the FT-IR spec-

trum (Fig. S8b in Supporting information) of 0.10Au/MIL-100 (Fe)

was the same as that of the pure MIL-100(Fe), suggesting that

the functional groups of MIL-100(Fe) were well maintained after

the deposition of Au NPs. The Au content (Table S2 in Support-

ing information) in 0.10Au/MIL-100(Fe) sample was 11.03% which

was much closed to that in the composite of 0.10Au/MIL-100(Cr).

As shown in Fig. 3f, the NH4
+ formation rate on Au/MIL-100(Fe)

is 94.81 μg/gcat which is only 19.8% of that for the 0.10Au/MIL-

100(Cr) sample (479.1 μg/gcat) after 12 h under the same condi-

tions and such significantly decreased NH4
+ formation rate proves

the N2 capture and adsorption by the unsaturated Cr(III) sites in

MIL-100(Cr) is crucial for NRR. It was noted that no N2H4 evolu-

tion was observed in the process of photocatalytic NRR as shown

in Fig. S9 (Supporting information). These results indicated that the

as-formed 0.10Au/MIL-100(Cr) could present an associative distal

hydrogenation pathway for photocatalytic NRR [47,50]. During the

NRR process, the first step in this NRR pathway was N2 dissocia-

tive, then the ∗N species coupled with one proton step by step to

form ∗NH3 species, finally the ∗NH3 species desorbed from the cat-

alyst surface and formed ammonia ion in the solution (Fig. 4).

To further explore the mechanism, the photoelectrochemical

measurements are performed. The Mott-Schottky plots are a gen-

eral way to determine the charge carrier concentrations and the

flat band potential (Efb) of the catalysts and the Efb value could

be calculated from the intercept of the axis with potential val-

ues. The positive slope of the Mott-Schottky plots demonstrated

the photocatalyst was the n-type character of the electronic band

structure in which electrons as the majority charge carriers [61].

As shown in Fig. 5a, the Efb value for the 0.10Au/MIL-100(Cr) was

−0.16 V vs. NHE which is more negative than that −0.04 V vs. NHE

on the pure MIL-100(Cr). For most of n-type semiconductor cata-

lysts, the conduction band potential (Ecb) was approximately 0.1-

0.2 V negative than the Efb value [62]. Therefore, the Ecb value of

Fig. 6. In-situ DRFTIR spectra for N2 reduction on the 0.10Au/MIL-100(Cr) surface

following purging with N2 and H2O under LED light exposure (λ=420 nm).

0.10Au/MIL-100(Cr) was calculated to be about −0.36 V vs. NHE. It

was true that the reduction potential for directly reducing N2 to

N2
−
(aq) (N2 + e− →N2

−
(aq)) was −4.2 V vs. NHE, and the proton-

coupled electron transfer reaction (N2 +H+ + e− →N2H) exhibited

a more accessible reduction potential of −3.2 V vs. NHE. It seems

to be thermodynamically unfavorable for N2 reduction because the

Ecb of 0.10Au/MIL-100(Cr) was not negative enough to drive the N2

fixation. Therefore, it could be inferred that the hot electrons gen-

erated on the surface of Au NPs are the driving factor to activate

N2 molecules and boost N2 dissociation to produce ammonia, due

to the LSPR effect on the surface of Au NPs.

To illustrate the interfacial electron transfer, the transient pho-

tocurrent responses on the pure MIL-100(Cr) and 0.10Au/MIL-

100(Cr) were recorded under the visible light irradiation in both

Ar and N2 atmosphere. As shown in Fig. 5b, the photocurrent re-

sponses in Ar atmosphere are derived from the transfer of photo-

generated electrons to electrode. The transient photocurrents de-

creased after pumping N2 into the electrolyte for 30 min compared

with that in Ar-saturated atmosphere under the same conditions.

The decrease of the photocurrent could be ascribed to the com-

petitive interfacial electron transfer to N2 molecules which were
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Fig. 7. Schematic illustration of the photocatalytic N2 fixation over Au/MIL in which water serves as both the solvent and proton source.

adsorbed on the surface of Au/MIL-100(Cr). In comparison, in ab-

sence of LSPR effect, the photocurrent in N2 atmosphere was al-

most the same as that in Ar atmosphere for the MIL-100(Cr). The

difference between 0.10Au/MIL-100(Cr) and MIL-100(Cr) could be

well explained by the indispensable role of LSPR which generates

the hot electrons on the Au NPs for both the adsorption and acti-

vation of N2.

In addition, electrochemical impedance spectroscopy (EIS) was

used to evaluate the charge transfer resistance. As revealed in

Fig. 5c, the resistant of the as-prepared 0.10Au/MIL-100(Cr) was

smaller than that of the pure MIL-100(Cr), indicating a faster

charge transfer rate in the presence of Au NPs. The photolumines-

cence (PL) spectra were also performed for clarifying the recom-

bination rates of electron-hole pairs on 0.10Au/MIL-100(Cr) and

MIL-100(Cr) surfaces. As displayed in Fig. 5d, the PL intensity of

0.10Au/MIL-100(Cr) possessed a weaker emission peak than that

of MIL-100(Cr) at 632.5 nm, verifying that the Au NPs on MIL-

100(Cr) could inhibit the recombination of photo-generated carrier

which will make higher carrier separation efficiency for increasing

the performance of photocatalytic NRR of 0.10Au/MIL-100(Cr) un-

der ambient conditions.

To prove the formation of ammonia after the photoreaction, in-

situ DRFTIR had been conducted. As shown in Fig. 6, the refer-

ence spectrum was collected at the beginning of the N2 photo-

reduction reaction with the reaction time of 0 min. After 10 min-

utes, two small peaks at ∼3610 cm−1 and ∼3690 cm−1 appeared,

and these two peaks could be attributed to the vibration of N−H

bond. When the photo-reduction reaction time increased, the in-

tensities of these two vibration peaks also increased indicating

the formation of N−H bonds on the surface of 0.10Au/MIL-100(Cr)

were the intermediates for the N2 reduction to NH3.

Based on the above results, the photocatalytic NRR pro-

cesses on 0.10Au/MIL-100(Cr) could be illustrated in Fig. 7. In

the 0.10Au/MIL-100(Cr) composites, MIL-100(Cr) provides abun-

dant sites for N2 adsorption on the surface of 0.10Au/MIL-100(Cr)

[52–54]. Meanwhile, the LSPR effect of Au NPs would facilitate

the dissociation processes of N2 molecules by the generation of

hot electrons [21,60,63]. When the reaction occurs, the hot elec-

trons are injected into the antibonding orbital of N2 on the sur-

face of MIL-100(Cr), and thus the N≡N bonds would be broken

for the evolution of ammonia in the electron-proton couple pro-

cess. Therefore, the synergistic effect between the Au NPs and MIL-

100(Cr) allowed an effectively photocatalytic NRR process by using

N2 and water as precursors under visible-light irradiation.

The stability of the 0.10Au/MIL-100(Cr) for N2 fixation process

was also studied by cycling photocatalytic reactions. As shown in

Fig. S10 (Supporting information), no obvious decrease in activity

was observed after five cycles, illustrating the excellent photocat-

alytic stability of 0.10Au/MIL-100(Cr) during the N2 fixation reac-

tions under visible-light irradiation. In addition, various characteri-

zations of the as-formed 0.10Au/MIL-100(Cr) after being used for

five times were also performed to investigate its structural sta-

bility. The XRD pattern of the recycled samples suggested that

0.10Au/MIL-100(Cr) could be well maintained after the photocat-

alytic NRR reactions (Fig. S11a in Supporting information). The FT-

IR spectra showed that the functional groups of 0.10Au/MIL-100(Cr)

were also in accordance with the fresh photocatalyst (Fig. S11b in

Supporting information).

In summary, we demonstrated that N2 can be efficiently

reduced to ammonia in absence of any scavenges by using

0.10Au/MIL-100(Cr) as photocatalyst at room temperature and at-

mospheric pressure with visible light irradiation. The hot elec-

trons generated by LSPR effect of Au NPs activate N2 molecules

and drive its dissociation to form ammonia by injecting hot

electrons into MIL-100(Cr) to break the bonds of N2 molecules.

Such Au/MIL series catalysts exhibited significantly increased ac-

tivity and high selectivity to ammonia production in photocatalytic

NRR process compared to that of the pure MIL-100(Cr) frame-

works. The ammonia formation rate on Au/MIL catalyst reached

to 39.93 μg gcat
−1 h−1, about 14.5 times higher than that on the

pure MIL-100(Cr) (2.73 μg gcat
−1 h−1). Such high performance of

the Au/MIL towards NRR could be attributed to the absorption-

couple-plasmonic effect between the Au NPs and MIL-100(Cr). This

work might provide new strategy for developing an efficient plas-

monic photocatalyst to increase photocatalytic NRR performance

under visible light at ambient conditions.
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