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The ammonia electrosynthesis under ambient conditions represents an attractive alternative to the 

traditional Haber−Bosch process.[1] For it, one promising strategy has been proposed, which is 

electrochemical N2 reduction reaction (NRR).[2] More recently, as an emerging area of heterogeneous 

catalysis, single-atom (SA) catalysts provide a platform for exploring new NRR catalysts as well as 

revealing the fundamental mechanisms of NRR.[2,3] To date, great advancement has been achieved in the 

development of various SA-based NRR catalysts. However, guidelines for designing efficient SA catalysts 

of NRR are rarely reported. In particular, previous studies have confirmed that the loading and the 

coordination environments of metal atoms in SA-based catalysts have great influences on their electronic 

structures and subsequently affect their catalytic activities.[4,5] But, rationally tuning the loading and the 

structures of single-atomic active sites for NRR remains an urgent task and has not been explored before. 

Herein, we accomplish the modulation of single-atomic metal sites and build optimized single Mo sites 

anchored on porous carbon by delicately controlling metal precursor concentrations. The modulated 

structures were well characterized by atomic-resolution high-angle annular dark-field scanning 

transmission electron microscope (HAADF-STEM) imaging, energy-dispersive X-ray spectroscopy 

(EDS) mapping and electron energy loss spectroscopy (EELS) (Figure 1). Consequently, the NRR 

performance depends on the Mo loading and the Mo active site structure (Figure 2). When the Mo content 

was changed from 0 to 13.40 wt%, the NH3 yield rate gradually increased at first, reached the top point at 

9.54 wt% and then decreased. This optimization process suggests the following mechanism. Increasing 

the Mo content, namely the density of the atomically dispersed active sites can enhance the activation of 

N2 molecules and stabilization of N2H while destabilizing NH2 species.[6] But, when the Mo content is 

too large, we have found that Mo-related nanoclusters appear, which decreases the amount of the single 

Mo sites and thus worsens the NRR performance. This worsening also indicates the core role of atomically 

dispersed Mo atoms bonded to N atoms in the NRR electrocatalysis. 
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Figure 1. Structure of SA-Mo supported on N-doped porous carbon. (a) Schematic illustration and its 

corresponding atomic structure model. (b) TEM image. (c) HAADF-STEM image, in which the inset is 

the corresponding Mo EDS mapping, revealing the homogeneous distribution of Mo on the carbon 

support. (d) Atomic-resolution HAADF-STEM image. (e) EELS spectra from areas A and B in the atomic-

resolution HAADF-STEM image of the inset, in which areas A and B do not contain single Mo atoms, 

respectively. The two orange arrows point to the signals of Mo M4,5 and L2,3 edges, respectively. 
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Figure 2. Atomic-resolution HAADF-STEM images and NH3 yield rates of SA-Mo supported on N-

doped porous carbon with different Mo loadings. (a) 2.7 wt% Mo, (b) 9.54 wt% Mo, (c) 13.4 wt% Mo, 

(d) NH3 yield rates of SA-Mo supported on N-doped porous carbon with different Mo loadings. 
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