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a b s t r a c t

Light-driven nitrogen fixation to produce ammonia is a green and economical technology of nitrogen

reduction but is still quite challenging, especially in an air atmosphere without any sacrificial reagents.

Herein, we demonstrate efficient photocatalytic nitrogen fixation using water and air directly by loading

lanthanide–transition metal (4f–3d) cluster NdCo3 on two-dimensional P-doped graphitic carbon nitrides

(PCN) material surface. Benefiting from the increase in the number of nitrogen vacancies (NVs) and highly

matched band gap structure and excellent hole trapping ability of clusters, the NdCo3/PCN photocatalyst

exhibits efficient nitrogen reduction activity with 371 (in air) and 825 μmol h−1 g−1 (in pure nitrogen)

without any sacrificial reagents. The introduction of potassium sulfate inhibits hydrogen production and

promotes nitrogen reduction activation. This work suggests that anchoring precisely structured clusters

on 2D materials may enhance photocatalytic nitrogen reduction under normal temperature and pressure.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrogen reduction reaction (NRR) has become a significant

research topic because nitrogen is indispensable for various life

forms [1,2]. The emergence of Haber-Bosch process allows humans

to artificially use nitrogen to synthesize ammonia. However, owing

to the robust N≡N triple-bonds, the process requires plenty of en-

ergy in the face of severe conditions and releases huge amounts

of greenhouse gases into the atmosphere [3,4]. Photocatalytic ni-

trogen fixation is a hopeful and sustainable method of nitrogen re-

duction using solar power as raw energy [5]. Since the first study

of TiO2-controlled photo-reduction of dinitrogen was exhibited [6],

numerous catalysts sprung up and have attracted the attention of

the researchers, involving Vo-TiO2, BiOBr, Bi5O7Br, LDHs, V-g-C3N4,

Mo-W18O49, Au/MIL-100(Cr) and so on [4,7–12]. Although many ef-

forts have resulted in tremendous achievements in this field, the

photocatalytic efficiency of NRR is still inefficient on account of the

low charge separation, the weak adsorption of nitrogen on catalytic

sites, the side hydrogen production in the system, and so on. At

present, it is hard to design efficient nitrogen fixation photocata-

lysts to realize the formation of ammonia under mild conditions,

especially in air atmosphere without any sacrificial reagents.

Graphitic carbon nitride (C3N4) is an ideal photocatalyst be-

cause of its unique two-dimensional structure, appropriate band

gap, and excellent stability [13]. A series of efficient C3N4-based
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photocatalysts have been designed by adjusting the defect sites

and band gap or loading various metal nanoparticles [10,13–16].

Nitrogen vacancies (NVs) were confirmed to be effective catalytic

sites for activated nitrogen [10,17]. However, such polydispersed

nanoparticles make it tough to accurately modulate the electronic

structure and active sites at the atomic level. Some examples of re-

dox potential modulation by lanthanide/transition metals [18] and

the effective involvement of transition metal-polyoxometalate cata-

lysts in catalytic reactions had been reported [19–21]. Lanthanide–

transition metal (4f–3d) clusters not only integrate multiple metal

centers but also have atomically accurate structures, which offer

an ingenious catalytic model for achieving synergistic reaction ef-

fects [22–25]. Recently, by assembling a bio-inspired heterometal-

lic LnCo3 clusters on P-doped carbon nitride (PCN), a composite

system LnCo3/PCN was obtained and realized a solar-driven overall

water splitting in our previous work [26]. The LnCo3 clusters not

only act as the oxygen evolution center (OEC) but also its combi-

nation with PCN leads to a suitable band gap structure and high

charge separation efficiency.

In this work, we introduced NdCo3 clusters to enrich NVs in

PCN and optimize charge separation efficiency. By adding K ions

to suppress the hydrogen production and enhance nitrogen ad-

sorption and activation in NVs, we realized efficient photocat-

alytic nitrogen fixation of NdCo3/PCN photocatalyst under the di-

rect utilization of water and air without sacrificial reagents. The

NdCo3/PCN shows efficient nitrogen fixation efficiency with 825
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Fig. 1. TEM images of PCN (a) and NdCo3/PCN-3 (b). HRTEM (c) and HAADF-STEM images (d) of NdCo3/PCN-3, the orange selected area in (d) is the acquisition location of

(c). (e) Co 2p XPS spectrum of NdCo3/PCN-3. (f) P 2p XPS spectrum of PCN and NdCo3/PCN-3. (g) N 1s XPS spectrums of PCN and NdCo3/PCN-3. (h) EPR spectra of PCN and

NdCo3/PCN-3 at 100K.

μmol h−1 g−1 (in pure nitrogen and potassium sulfate) under illu-

mination, which was nearly 27 times as many as pure PCN in wa-

ter. More interestingly, using a steady stream of air instead of high-

purity nitrogen as the raw material for NRR, NdCo3/PCN shows

the high tolerance of oxygen with nitrogen fixation activity of 371

μmol h−1 g−1. This study presents a brand-new strategy for ni-

trogen fixation in the air atmosphere by assembling lanthanide–

transition clusters with photoactive supports.

Because of the stability of clusters in methyl alcohol, methyl

alcohol was selected as the solvent to load the clusters on the

semiconductor PCN by our reported method [26]. 3, 5, 7, 10, and

12mg of clusters methanol solutions were added to 45mg of PCN

in methanol, respectively. The resulting compounds were named

NdCo3/PCN-1 (1.08 wt%), NdCo3/PCN-2 (1.62 wt%), NdCo3/PCN-3

(2.14 wt%), NdCo3/PCN-4 (3.06 wt%), and NdCo3/PCN-5 (3.63 wt%),

which the actual clusters (based on Nd) loading quantity was de-

fined by Inductively coupled plasma emission spectroscopy (ICP-

OES), (Table S1 in Supporting information).

Fig. S1a (Supporting information) displays the powder X-ray

diffraction (PXRD) patterns of PCN and NdCo3/PCN-1, 2, 3, 4,

and 5. The obvious peaks appear at 13.2° and 27.6°, which were

identified as the (100) and (002) crystal planes of carbon nitride

(C3N4) [27–29]. With the addition of clusters, the peak intensity at

13.2° and 27.6° is slightly weakened, but the crystal phase of the

substrate is not changed, and the composite still maintains a stable

structure. Scanning electron microscopy (SEM) images demonstrate

that PCN and NdCo3/PCN-3 appear in nanosheet morphology (Figs.

S2a and c in Supporting information). Besides, the mapping

graphics indicate that NdCo3 is evenly distributed on the entire

catalyst (Figs. S2d–g in Supporting information). Transmission

electron microscopy (TEM) figures also showed that the photo-

catalyst exhibits two-dimensional nanosheet morphology (Figs. 1a

and b). In order to confirm the dispersion of NdCo3 cluster, the

high-resolution TEM (HRTEM) and high-angle-annular-dark-field

scanning transmission electron microscopy (HADDF-STEM) char-

acterization experiment was performed. As shown in Figs. 1c and

d, and Fig. S3 (Supporting information), single white dots that

emerged on PCN were observed clearly, indicating that the NdCo3
clusters were evenly dispersed throughout the substrate.

The characteristic peaks of Nd 3d and Co 3d are clearly ob-

served in the X-ray photoelectron spectroscopy (XPS) full spectrum

further confirming the loading of NdCo3 clusters (Fig. S4a in Sup-

porting information), and Co maintains two different valence states

(Co3+ and Co2+) (Fig. 1e). By comparing the P 2p XPS spectrum of

PCN and NdCo3/PCN-3, it is convinced that the NdCo3 and PCN are

firmly bonded through the Co-P bond (Fig. 1f) [30–32]. The PCN

substrate still maintains a complete C–N frame structure (Fig. 1g

and Fig. S4b in Supporting information) [33]. The XPS of N 1s was

fitted and three peaks located at 398.6, 399.9, and 401.1 eV, cor-

responding to C–N=C, N-(C)3, and C–N-H, respectively (Fig. 1g)

[28,34]. The reduced ratio (from 6.82 to 4.33) of C–N=C/N-(C)3
indicates that NVs occur preferentially at the positions of two-

coordinated N (N2c) and the increase in the number of NVs af-

ter doping [28]. The electron paramagnetic resonance (EPR) spec-

troscopy of PCN and NdCo3/PCN-3 at g = 2.0038 (Fig. 1h) further

confirms that the loading of clusters enriches the NVs [10,28,35].

Photocatalytic nitrogen reduction reactions (pNRR) in water un-

der nitrogen or air atmosphere were carried out in a quartz con-

tainer under light irradiation (300–800nm, Fig. S5 in Support-

ing information). The NH4
+ content was measured by the Nessler

reagent method (Fig. S6 in Supporting information) and verified by

ion chromatography (IC, Fig. S7 in Supporting information). As Fig.

2a shows, NdCo3/PCN-3 exhibited NH4
+ reaction rate of 256 μmol

h−1 g−1 in pure water, which is nearly 8 times the amount of pure

PCN in water (30 μmol h−1 g−1). The abundant NVs play a key

role. The other products after the reaction were also detected. As

Table S2 and Fig. S8 (Supporting information) show, the hydrogen

evolution reaction rate is about 307 μmol h−1 g−1, suggesting that

hydrogen evolution competition in the nitrogen reduction reaction

is the main factor affecting the ammonia yield.

In order to suppress the production of hydrogen effectively,

potassium ions were added in the photocatalytic system because

the alkali ions can not only provide a powerful electric field to po-

larize N2 and steady intermediate products, but also make the ad-

sorption of N2 and the desorption of NH3 easier [36,37]. As shown

in Fig. 2a, replacing pure water with potassium sulfate solution,

the photocatalytic activity of NdCo3/PCN-3 reached 825 μmol h−1

g−1, nearly 27 times as many as pure PCN in water. Meanwhile,

the production rate of hydrogen was greatly reduced to 70 μmol

h−1 g−1, and the effective utilization of electrons increased from

55.5% to 94.6%. These results indicate that adding K+ is an effi-

cient means of improving ammonia selectivity. With the increase
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Fig. 2. (a) Ammonia production rate of PCN and NdCo3/PCN-3 in pure water and

0.5mol/L K2SO4 solution. (b) Ammonia production rate of NdCo3/PCN with differ-

ent loading in 0.5mol/L K2SO4 solution. (c) Control experiments of NdCo3/PCN-3 in

0.5mol/L K2SO4 solution. (d) The reaction liquid’s 1H NMR spectra after the catalyst

NdCo3/PCN-3 reacting for 3h in water.

of NdCo3 cluster loading on PCN, the separated efficiency of photo-

induced carriers is greatly enhanced, given that NdCo3/PCN-3 ob-

tained the best performance (Fig. 2b). Further increasing the load-

ing amount, the NH4
+ production rate was decreased. The rea-

son is that the competition between different clusters reduces the

chance for holes to migrate to the same oxidation site.

To verify the source of ammonia, the control experiment with

argon gas was studied. Without nitrogen, almost no ammonia sig-

nal is generated, confirming the origin of ammonia from nitro-

gen (Fig. 2c). The extremely small amount of ammonia is due to

the background of the CN material [38,39]. By replacing the light

source with visible light, only a relatively small amount of ammo-

nia is produced (Fig. 2c). As shown in Fig. 2d and Fig. S9 (Sup-

porting information), the 1H NMR spectra of liquid product after

the reaction of catalyst NdCo3/PCN-3 in water for 3h shows three

typical split peaks of 14NH4
+ (6.9–7.1 ppm), which further confirms

that ammonium originates from N2 [40,41]. To eliminate the possi-

ble contributions from interfering species, a control experiment of

[Nd(NO3)3 +Co(Ac)2]/PCN was studied using the same condition as

NdCO3/PCN. As Fig. 3a shows, [Nd(NO3)3 +Co(Ac)2]/PCN showed a

very low photocatalytic activity, which indicates that the effect of

NdCo3 enhanced the photocatalytic nitrogen fixation performance.

Moreover, no NH4
+ signal is observed with aprotic solvent CH3CN

instead of water in the control experiment, indicating the source

of protons is indeed provided by water molecules. In addition, the

stability of the catalyst also is explored. After three cycles of test-

ing, catalytic activity did not decrease significantly (Fig. 3b), and

the recycled catalyst NdCo3/PCN-3 still maintains the original mor-

phology and crystal phase (Fig. S10 in Supporting information), in-

dicating that the synthesized catalyst has good stability. Energy

dispersive spectroscopy (EDS) analysis of the catalyst after cycling

was performed. As shown in Fig. S11 and Table S3 (Supporting

information), elements Nd and Co are still present on the cata-

lyst and the ratio is close to 1:3, confirming that NdCo3 is still

loaded on the PCN. Moreover, the reaction solution was tested by

inductively coupled plasma mass spectrometry (ICP-MS). The re-

sults show that less than 0.4% of the metal ions enter the solution

(Table S4 in Supporting information), further confirming that the

NdCo3 clusters are stable on the PCN. This stability comes from the

Fig. 3. (a) Control experiments of NdCo3/PCN-3 for ammonia reduction. (b) Cat-

alytic activity cycle experiment of NdCo3/PCN-3 in 0.5mol/L K2SO4 solution. (c) Am-

monia production rate of NdCo3/PCN-3 in air and N2. (d) The cyclic experiments in

air atmosphere were compared by ion chromatography and Nesslerization.

fact that the composite catalyst NdCo3/PCN is chemically bonded

with P-Co.

Considering that the nitrogen content in air is very rich, the

pNRR experiment was carried out in air atmosphere. Notably, the

NH4
+ formation rate of NdCo3/PCN-3 in air without any addi-

tives was 371 μmol h−1 g−1, and NdCo3/PCN-3 revealed outstand-

ing oxygen resistance (Fig. 3c). This tolerance stems from the fact

that NVs are not disturbed by reactive oxygen species. Similarly,

NdCo3/PCN-3 still maintains a high catalytic stability in the air,

and the accuracy of the catalytic yield data was tested by IC

(Fig. 3d and Fig. S12 in Supporting information). Using inex-

haustible air as the raw material to replace nitrogen to synthesize

ammonia is rare in previous reports (Table S5 in Supporting in-

formation). This is the first attempt at photoreduction of nitrogen

using a cluster-based composite catalyst in air and genuinely ob-

tains chemical energy from nature under mild conditions. To sep-

arate the photogenerated carriers effectively, methanol was used

to capture the photogenerated holes. The ammonia yield has al-

most doubled and can maintain a stable output for a long time,

which confirmed that the transfer of holes is a key step and clus-

ters play a vital role in trapping holes (Fig. S13 in Supporting infor-

mation). The oxidation products of methanol have also been stud-

ied (Fig. S14 in Supporting information), most are formaldehyde,

with a small part of formic acid. The accuracy of all the above cat-

alytic yields was verified by IC (Fig. S7 in Supporting information).

According to Watt and Chrisp’s method, no N2H4 was detected in

the reaction solution, suggesting that the catalyst also has high se-

lectivity of reduction of ammonia (Fig. S15 in Supporting informa-

tion).

One of the key factors affecting photo-catalytic efficiency is

the charge separation and transfer of photo-induced carriers.

To measure the charge separation efficiency, the electrochemi-

cal impedance spectra (EIS) and transient photocurrent response

(TPC) were performed. As shown in Fig. 4a, the Nyquist dia-

grams of NdCo3/PCN-3 show a lesser radius and lower interfa-

cial charge transfer resistance compared to PCN. Compared to PCN,

NdCo3/PCN-3 also displays an excellent photocurrent response

(Fig. 4b), suggesting that NdCo3/PCN-3 has high electron-hole

separation and transfer efficiency. Photoluminescence and time-

resolved fluorescence spectrum (Figs. 4c and d) show the

3



C.-L. Chen, R. Chen, L.-S. Long et al. Chinese Chemical Letters 35 (2024) 108795

Fig. 4. (a) EIS of PCN and NdCo3/PCN-3. (b) Transient photocurrent responses of

PCN and NdCo3/PCN-3 under simulated irradiation. (c) Photoluminescence spectra

of PCN and NdCo3/PCN-3 with excitation at 368nm. (d) Time-resolved fluorescence

spectrums of PCN and NdCo3/PCN-3 at room temperature with excitation and emis-

sion at 368 and 430nm, respectively.

Fig. 5. Separation of photo-induced carriers under full-band exposure with

NdCo3/PCN composite.

weaker energy emission transition and longer average lifetime of

NdCo3/PCN-3, indicating that the loading of NdCo3 on PCN can en-

hance photo-induced electron-hole separation velocity and restrain

carrier recombination.

The interfacial charge transfer mechanism between atomically

accurate nanoclusters and semiconductor substrates was studied

[42,43]. In our previous work, it has been confirmed that NdCo3
is the active center of oxidation process [26]. According to cal-

culation (Figs. S16 and S17 in Supporting information), the band

gap width and the energy band position of NdCo3 and PCN were

shown in Fig. 5. When the light-sensitive PCN substrate is exposed

under illumination, the photo-induced electrons were rapidly mo-

tivated to conduction band (CB), while the remaining holes were

quickly shifted to the HOMO energy level of NdCo3 due to the

highly matched valence band (VB). The loading of NdCo3 restrains

photo-induced electron-hole recombination of PCN efficiently and

completes the oxidation process of water, producing oxygen and

hydrogen peroxide (Figs. S8 and S18 in Supporting information).

Correspondingly, the electrons on the LUMO energy level of NdCo3
were transferred to CB of PCN and efficiently injected into nitro-

gen’s antibonding orbital which adsorbed and activated by NVs,

completed the reduction of nitrogen. Profiting from photo-induced

electron-hole separation and utilization effectually and abundant

NVs, the integral catalytic efficiency has been improved and got a

satisfactory result.

In summary, an efficient oxidation center NdCo3 cluster was an-

chored on PCN nanosheets, which significantly increased the active

site NVs and enhanced photo-induced carriers transport of PCN.

Without any scavengers and co-catalysts, the NdCo3/PCN-3 exhib-

ited high NRR activity with 355 μmol h−1 g−1 in air atmosphere

and 825 μmol h−1 g−1 in pure nitrogen. The NdCo3/PCN compos-

ites show suitable energy band structure and prominent reducing

the power of controlling electrons. This work suggests that an-

choring precisely structured clusters on 2D materials may enhance

photocatalytic nitrogen reduction under normal temperature and

pressure.
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