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COMMUNICATION

Confined Fe–Cu Clusters as Sub-Nanometer Reactors 
for Efficiently Regulating the Electrochemical Nitrogen 
Reduction Reaction

Xiaowei Wang, Siyao Qiu, Jianmin Feng, Yueyu Tong, Fengling Zhou, Qinye Li, Li Song, 

Shuangming Chen, Kuang-Hsu Wu, Panpan Su, Sheng Ye, Feng Hou, Shi Xue Dou, 

Hua Kun Liu, Gao Qing (Max) Lu, Chenghua Sun,* Jian Liu,* and Ji Liang*

DOI: 10.1002/adma.202004382

Ammonia is traditionally an essential 
chemical for fertilizers and other nitrogen-
containing products that have been sup-
porting most of the world population 
for over a century. Recently, ammonia 
is receiving renascent attentions as a 
potential hydrogen storage medium and 
carbon-free fuel, due to its advantages of 
easy liquefication to achieve a higher vol-
umetric energy density and more facile 
transportation as compared with other 
gas-based fuels.[1] Conventionally, the 
industry-scale production of ammonia, 
based on the Habor–Bosch method 
through a nitrogen reduction reaction 
(NRR), is high-cost, energy-intensive, and 
environmentally unfriendly, as it not only 
consumes a large amount of fossil energy 
but also is associated with the release of 

Electrochemical nitrogen reduction reaction (NRR) over nonprecious-metal and 

single-atom catalysts has received increasing attention as a sustainable strategy 

to synthesize ammonia. However, the atomic-scale regulation of such active sites 

for NRR catalysis remains challenging because of the large distance between 

them, which significantly weakens their cooperation. Herein, the utilization 

of regular surface cavities with unique microenvironment on graphitic carbon 

nitride as “subnano reactors” to precisely confine multiple Fe and Cu atoms 

for NRR electrocatalysis is reported. The synergy of Fe and Cu atoms in such 

confined subnano space provides significantly enhanced NRR performance, 

with nearly doubles ammonia yield and 54%-increased Faradic efficiency up to 

34%, comparing with the single-metal counterparts. First principle simulation 

reveals this synergistic effect originates from the unique Fe–Cu coordination, 

which effectively modifies the N2 absorption, improves electron transfer, and 

offers extra redox couples for NRR. This work thus provides new strategies of 

manipulating catalysts active centers at the sub-nanometer scale.
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carbon mono/dioxides during the reforming of methane to 
produce hydrogen.[2] Therefore, the development of sustainable 
strategies that produce ammonia is important. To address this, 
a variety of alternative methods have been proposed, including 
enzymatic, photo- and electrocatalysis, as well as chemical 
looping processes.[3]

As a strategy of ammonia synthesis utilizing H2O as the 
hydrogen source, electrochemical reduction of N2 to NH3 is 
uniquely advanced because this mild progress can be facilely 
implemented under ambient conditions and potentially accom-
panied by a high energy conversion efficiency.[4] In an electro-
chemical NRR process, the electrocatalysts play the key role in 
accelerating the reaction rate and selectivity/efficiency. Thus, 
the exploration of efficient catalysts for NRR has drawn par-
ticular attraction in recent years.[5] By far, a number of catalysts 
that are based on metals (e.g., Ru,[6] Pd,[7] and Au[8]), oxides (e.g., 
Fe2O3/carbon nanotube,[9] W18O49,[10] and BiOBr nanosheets[11]), 
sulfides (e.g., FeMoS [12]), black phosphorus,[13] nitrides (e.g., 
C3N4 [14] and MoN [15]), carbides (MoC [16]), MXenes,[17] and 
single atoms (e.g., Mo,[18] B,[19] W,[20] and Ru [21]) have been 
investigated.

Among them, single-atom catalysts, in particular, the non-
precious and transition-metal-based ones with unsaturated 
coordination features, are desirable for adsorbing nitrogen 
molecules due to their lowly coordinated electronic structure 
and efficient utilization of the active species.[18,19,22] Conceptu-
ally, in order to anchor the single atoms on the carrier surface 
and prevent them from aggregating, strong coordination to the 
substrate is essential.[19a,22g] Conventionally, these single metal 
atoms are “trapped” in the vacancy sites of carbon surface to 
maintain their stability; however, it still remains a challenge to 
increase the loading amount of single atom catalyst.[23] To fur-
ther increase their loading amount and stability, a secondary 
(nonmetal) element has been introduced. For example, the 
nitrogen dopants in the carbon framework can provide stronger 
binding with the metal atoms by forming the metal–nitrogen 
covalent bonds, resulting in better dispersed single atoms at a 
higher amount.[19b,22e,24]

Despite these merits, two major obstacles still exist on these 
single-atom catalysts for further enhancing their performance. 
On the one hand, the distance between these single-atom cata-
lytic centers, even though only a few nanometers, is still too 
far to be capable of cooperatively functioning for NRR, which 
requires to further decrease the interatom distance until  
0.1–0.2 nm to the bond length of NN.[25] Theoretical works have 
predicted the possible cooperation of multiple atoms in small 
clusters for NRR catalysts,[26] however, the actual manipulation 
of the cluster’s configuration is still fairly difficult and only very 
rare cases have been reported for the catalytic reactions other 
than NRR.[27] On the other hand, the quasi-semiconducting sur-
face of these catalysts, which is caused by the metal/nonmetal 
coordination manner (e.g., Fe–Nx or Co–Nx),[19a,22f ] is also 
doubtable to provide sufficient electron transfer capability for 
the multielectron NRR process or other electrochemical catal-
ysis, which can be the potential bottleneck for NRR but has 
been rarely noticed as well.

Recently, the nanoreactors, which commonly have an internal 
cavity that is capable of encapsulating multiple active species 
and reactants inside it, have shown significant advantages for 

accelerating a range of catalytic processes.[28] Such confinement 
not only provides better interaction between the reactants and 
the catalytic active species, but also, more importantly, leads to 
potential synergetic effect due to its unique microenvironments 
and the intimate contact between multiple active species, which 
is highly favorable for catalysis, especially the tandem processes 
such as NRR.[29] Consequently, it is desirable for the construc-
tion of novel “reactors” to confine single-atom catalytic centers 
within extremely close distance, it would probably solve the 
abovementioned issues of the current single-atom catalysts for 
NRR, which has unfortunately not yet been achieved by far.

Based on these considerations, we herein propose a proof of 
concept strategy of extending “nano reactors” to “subnano reac-
tors” by confining multiple Fe and Cu atoms in the extremely 
narrow yet regular surface cavities of graphitic carbon nitride 
(denoted CNT@C3N4–Fe&Cu) for high-efficiency NRR electro-
catalysis. In such atomic reactors, the Fe and Cu atoms simul-
taneously coordinate with each other and the surrounding N 
atoms, which can not only modify their electronic structures 
to anchor N2 molecules/intermediates with optimized strength 
but also offer the capacity to cache electrons for rapid elec-
tron transfer, thus lowing the NRR barrier and significantly 
enhancing the NRR performance in terms of ammonia yield or 
Faradic efficiency.

The fabrication of CNT@C3N4–Fe&Cu is illustrated in 
Figure 1a and Figure S1 (Supporting Information). First, mul-
tiwalled carbon nanotubes (CNTs), as a conducting substrate, 
were mildly oxidized to form a better affinity with dicyandi-
amide (DICY) precursor and metal salts (FeCl2 and CuCl2 with 
a molar ratio of 1:1) in an aqueous solution. Then, the pre-
cursor solution was lyophilized, yielding the CNTs@DICY@
metal salts intermediate product. It was subsequently annealed 
in an inert atmosphere to form the final CNT@C3N4–Fe&Cu 
material. During this process, DICY polymerized into ultrathin 
C3N4 sheets, which have regular surface cavities with nitrogen 
atoms on their edge to bind with the metal atoms, forming the 
subnano reactors with multiple metal atoms inside them. For 
comparison, analogs were also fabricated by introducing mono 
(CNT@C3N4–Fe or –Cu) or no metal salts (CNT@C3N4) during 
fabrication (details in the Supporting Information).

The morphology and chemistry of the materials were first 
studied under transmission electron microscopy (TEM). The 
typical CNT@C3N4–Fe&Cu shows a similar hollow tubular 
morphology to pristine CNTs, without an obvious increment 
in diameter (Figure  1b; Figure S2a,b, Supporting Informa-
tion). As revealed by energy disperse spectroscopy (EDS) 
mapping (Figure  1c–f), carbon is distributed throughout the 
whole area, while homogeneous Cu, Fe, and N signal can be 
found predominantly on the outer surface of the material to 
form a thin shell (1–2  nm), indicating their coaxial distribu-
tion. This is further confirmed by the electron energy loss 
spectroscopy (EELS), from which carbon can be found in both 
the surface and internal sections (I and II in Figure  1b), but 
with remarkable differences in their chemical structures. The 
surface carbon is amorphous without graphitic structure, cor-
responding to the poorly crystalized C3N4 (Figure 1g),[30] while 
the internal carbon shows typical graphitic features, assigned as 
CNTs (Figure 1h). Besides, nitrogen can only be detected on the 
surface, supporting the existence of a thin C3N4 layer outside 

Adv. Mater. 2020, 2004382
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the CNTs. Meanwhile, Fe and Cu also only exist on the surface 
(Figure 1i,j), in good agreement with the elemental mappings. 
This comprehensively confirms that a uniform C3N4 layer dual-
doped Fe and Cu has been formed on the surface of CNTs.

The fine structure of CNT@C3N4-Fe&Cu and analogs was 
subsequently investigated by X-ray diffraction (XRD) and 
scanning transmission electron microscopy (STEM, Figure  2; 
Figures S3–S8, Supporting Information). XRD patterns of 
all these samples only show one peak at ≈26° (Figure S3, 

Supporting Information), a typical feature of graphitic CNTs, 
which also indicates no crystalline metal or metal compounds 
was formed.[30] From STEM images, clear graphitic structures 
can be seen inside the material, corresponding to the CNTs 
(Figure  2a). Outside CNTs, a fur-like thin shell without any 
graphitic textures can be observed, corresponding to the C3N4 
shell.

Under high resolution, numerous compact bright spots 
can be found homogeneously distributed on the surface of 

Figure 1. Schematic diagram of synthesis and morphology of CNT@C3N4–Fe&Cu. a) Schematic diagram of synthesis and morphology of the  
CNT@C3N4–Fe&Cu; b) dark-field TEM image of the cross-section of CNT@C3N4–Fe&Cu; c–f) the corresponding elemental mapping of carbon, 
nitrogen, iron, and copper; EELS spectra of carbon of area g) I and h) II in (b); EELS spectra of i) Fe and j) Cu of areas I and II in (b).

Figure 2. Structural characterization of CNT@C3N4–Fe&Cu. a) TEM image of CNT@C3N4–Fe&Cu; b) STEM image of CNT@C3N4–Fe&Cu at high 
resolution; and c) STEM image of CNT@C3N4–Fe&Cu showing the triplet distribution of metal atoms and the distance between them.

Adv. Mater. 2020, 2004382
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the material, indicating their single-atom features (Figure 2b). 
Remarkably, it is very interesting to find a large portion of these 
atoms are in a triplet form, in which three metal atoms are 
very close to each other with an average distance of 1.8–2.5 Å 
(Figure  2c; Figures S5f and S7e, Supporting Information), 
with the rest being in doublet or single-atom form, while the 
comparative sample without C3N4 substrate shows typical 
single-atom features (Figure S6, Supporting Information). The 
geometry of such clusters fits well with the in-plane voids of 
g-C3N4, which is triangle-shaped with a side length of ≈4.8 Å, 
clearly suggesting their effective anchoring capability for single 
atoms to form subnano reactors with a closely confined config-
uration (details will be discussed later). More importantly, this 
ultrasmall interatom distance is close to the value in FeCu alloy 
(2.56 Å),[31] which is essential for not only the cooperation of 
individual single atoms for NRR electrocatalysis but also more 
facile electron transfer due to the significant metal–metal inter-
action in such subnano reactors.

The surface chemistry of the material was also studied by 
EELS. Figure S4 (Supporting Information) shows EELS spectra 
of the area in Figure 2b for C, N, Fe, and Cu, from which an 
enlarged Fe spectrum (Figure S4b, Supporting Information) 
has been derived and two peaks appear at around 710 eV, due 
to the electron transition from 2p to unoccupied 3d orbital.[32] 
Besides, a protuberance-like peak, which can be attributed to 
Cu, can also be observed at about 940  eV (Figure S4c, Sup-
porting Information).[32b–d] This again confirms the coexist-
ence of Fe and Cu atoms in the area. In contrast, only clean 
surface without metal atoms can be seen on CNT@C3N4 
(Figure S9, Supporting Information). The STEM EDS spectra 
of the observed regions in the STEM images illustrated that the 
atomic react centers are neat and not polluted by the impurities 

from the environment (Si, Na, Cl). Only corresponding Fe or Cu 
peaks were acquired in the CNT@C3N4–Fe or CNT@C3N4–Cu.  
Besides, The Fe:Cu ratio in CNT@C3N4–Fe&Cu (1.1:1) is close 
to its theoretical value (1:1), indicating a uniform dispersion  
of the atoms in the binary system. We have conducted the ICP 
tests to further confirm the Fe and Cu content in CNT@C3N4–
Fe&Cu. As shown in Table S3 (Supporting Information), 
the content of Fe and Cu species in CNT@C3N4–Fe&Cu is 
7.51% and 10.77%, close the estimated value (Fe ≈ 7.0%, Cu 
≈ 7.81%).

The local coordination of atoms in such subnano reactors 
was then probed using X-ray absorption fine structure (XAFS), 
X-ray photoelectron spectroscopy (XPS), and EELS (Figure 3a,b; 
Figures S9–S11, Supporting Information). FePc and CuPc, 
with typical Cu/Fe–N4 coordination structures, were used as 
reference. In the K-edge X-ray absorption near edge structure 
(XANES) spectra, the absorption edge of CNT@C3N4–Fe&Cu 
locates higher than Fe/CuPc, indicating a higher oxidation state 
of Fe and Cu. Interestingly, the first rising peak in the Fe and 
Cu XANES spectra of CNT@C3N4–Fe&Cu is lower than that 
of CNT@C3N4–Fe and CNT@C3N4–Cu, indicating a lower 
density of free electron in the d orbital of CNT@C3N4–Fe&Cu 
(Figure  S9a,b, Supporting Information). The Fourier-trans-
formed Fe/Cu k3-weighted EXAFS R-space spectra of Fe and 
Cu in CNT@C3N4–Fe&Cu. In contrast, monometallic CNT@
C3N4–Fe/Cu show similar peaks in the range of first shell, 
but significant difference in the second shell (Figure  3a,b). 
The spectra of CNT@C3N4–Fe&Cu is much neater compared 
with the monometal counterparts, indicating the fewer coor-
dination structure in higher shells. The first-shell fitting of 
the K-edge Fourier transform results in CNT@C3N4–Fe&Cu, 
CNT@C3N4–Fe, CNT@C3N4–Cu, FePc, and CuPc (Figure  3; 

Figure 3. Chemistry analysis of the metal species in the materials. a) k3-weighted EXAFS R-space spectrum of CNT@C3N4–Fe and CNT@C3N4–Fe&Cu; 
b) k3-weighted EXAFS R-space spectra of CNT@C3N4–Cu and CNT@C3N4–Fe&Cu; c) deconvoluted high-resolution Fe 2p XPS spectra of CNT@C3N4–
Fe&Cu and CNT@C3N4–Fe; d) deconvoluted Fe L-edge EELS spectra of CNT@C3N4–Fe&Cu and CNT@C3N4–Fe, with the ratio of low-valence Fe in the 
material; and e) deconvoluted high-resolution Cu 2p XPS spectra of CNT@C3N4–Fe&Cu and CNT@C3N4–Cu.
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Figure S11, Supporting Information) was conducted to acquire 
more structural information. The first coordinate shell is well 
separated and analyzed, and the structure parameters are listed 
in Table S1 (Supporting Information). As shown, the coordinate 
numbers of the metal atoms in CNT@C3N4–Fe&Cu, CNT@
C3N4–Fe, and CNT@C3N4–Cu are all larger the respective metal 
atoms in CuPc and FePc, implying the coordination between 
metal–metal atoms in addition to with nitrogen. Besides, the 
coordinate numbers of Fe and Cu in CNT@C3N4–Fe&Cu are 
also respectively higher than the values for CNT@C3N4–Fe and 
CNT@C3N4–Cu, which also suggests the higher ratio of metal–
metal coordination in CNT@C3N4–Fe&Cu than in the CNT@
C3N4–Fe and CNT@C3N4–Cu materials. Moreover, the CNT@
C3N4–Fe&Cu also demonstrates a larger distance in the first 
shell than FePc and CuPc, which can be ascribed to the larger 
bond length in the Fe–Fe or Fe–Cu coordination condition, as 
shown in Figure S11 (Supporting Information). The average 
bond length (2.12 Å for Fe and 2.01 Å for Cu) is smaller than 
the theoretical average values in the proposed Fe&Cu cluster 
model (2.20 Å for Fe and 2.16 Å for Cu) but still larger than the 
typical values of FePc and CuPc, i.e., the single-atom Fe and 
Cu species. This indicates that the metal species in the material 
exist as a mixture of both metal clusters and singles, and this is 
also in agreement with the TEM observations (Figure 2).

The fine chemical states of these elements were then inves-
tigated by high-resolution XPS (Figure  3c; Figures S10 and S11,  
Supporting Information). As for the N1s spectra of all 
metal-doped CNT@C3N4 materials, nitrogen species bound 
with metal can be found; but no carbon–metal bonds are 
seen in their C1s spectra (Figures S10 and S11, Supporting 

Information), further confirming local metal–nitrogen coor-
dination in these reactors (Figure  1a).[33] Fe spectra contains 
three species at 710.4 eV (Fe 2p3/2), 717 eV (satellite peak), and 
723  eV (Fe 2p1/2, Figure  3c).[34] Both the Fe 2p3/2 and Fe 2p1/2 
can be deconvoluted into two peaks, corresponding to the Fe2+ 
(P1) and Fe3+ (P2) species. Compared with CNT@C3N4–Fe, the 
Fe2+ species in CNT@C3N4–Fe&Cu takes up a higher portion 
(0.56 vs 0.36), which indicates a lower oxidation state of Fe in 
CNT@C3N4–Fe&Cu. This is also in alignment with the decon-
voluted EELS results showing a similar trend (Figure 3d).[34,35] 
In contrast, the oxidation state of Cu in CNT@C3N4–Fe&Cu 
increases compared with CNT@C3N4–Cu, as evidenced by the 
positive shift of the deconvoluted peaks with a higher portion of 
Cu2+ (Figure 3e).[36] This is in good agreement with the above 
XANES results and indicates the charge transfer between Cu 
and Fe, presenting an electron-rich and electron-deficient fea-
ture of the Fe and Cu atoms hosted in these subnano reactors.

The electrocatalytic NRR activity of the materials was assessed 
by chronoamperometry (CA),[37] and the ammonia production 
was determined by the indophenol blue method, with the absorb 
peak centered at around 650  nm (Figure  4a; Figures S12–S19, 
Supporting Information).[16] First, the origin of the produced 
ammonia was verified to eliminate the possible interference 
from the g-C3N4 host or other contaminations (Figure 4a). Spe-
cifically, CNT@C3N4, without any metal atom dopants, shows 
the same yet negligible NRR activity as pristine CNT under N2 
atmosphere, suggesting that g-C3N4 does not virtually affect or 
involve in the NRR process and no ammonia contamination 
from the N2 feeding gas in our study. Meanwhile, ammonia 
was only detected when CNT@C3N4-Fe&Cu was tested under 

Figure 4. The electrocatalytic performance of the materials. a) UV–vis absorption spectra of various electrolytes stained with salicylic acid indicator; 
b) NH3 yield rate and partial current densities of the materials at different potentials; c) the Faradaic efficiencies of the materials at different potentials; 
and d) The ammonia yield rate for 3 and 10 h tests at −1.2 V.
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N2 rather than Ar, which suggests that the detected ammonia 
was from the reduced N2. Comprehensively, these results have 
clearly confirmed that the origin of ammonia is from the NRR 
electrocatalysis, and neither g-C3N4 nor other impurities in the 
N2 gas affected the ammonia yield in this study.

Afterward, the NRR performance of CNT@C3N4–Fe&Cu and 
analogs was studied and illustrated in Figure 4 and Figures S12–S19  
(Supporting Information). Generally, the ammonia yield over the 
materials first increases and then decreases with the increase of 
overpotential. Among the analog materials, CNT@C3N4–Fe&Cu 
shows the highest ammonia yield (RNH3, 9.86 µg mg−1 h−1, 
Figure 4b). In comparison, the CNT@C3N4–Fe and CNT@C3N4–Cu  
are far inferior, as indicated by their much smaller RNH3, which 
is, however, still better than the comparative CNT@N–Fe with iso-
lated single atom centers (Figure S18, Supporting Information).

Faradaic efficiency (FE), representing the energy effi-
ciency during the electrocatalysis process, was then calculated 
(Figure  4c), which decreases with the increase of the overpo-
tential, due to the competitive hydrogen reduction reaction 
(HER).[38] Again, CNT@C3N4–Fe&Cu shows the highest value, 
which reaches the peak value at −0.8  V, corresponding to a 
FE of 34.0%, significantly higher than that of CNT@C3N4–Cu 
(22.0%) and CNT@C3N4–Fe (15.3%) at the same potential. 
To further study the relationship between competitive HER 
and Faradic efficiency, the HER performance of the materials 
was evaluated in a potential range from −0.6 to −1.6 V versus 
Ag/AgCl (Figure S23, Supporting Information). The CNT@
C3N4–Fe&Cu demonstrates a similar current with CNT and 
CNT@C3N4, which is much lower than the current delivered 
by CNT@C3N4–Cu and CNT@C3N4–Fe, indicating the binary 
nanoreactor delivers a significantly lower activity for HER and 
consistent with its highest nitrogen reduction efficiency.

As a critical quality for electrocatalysts, the stability of 
electrocatalysis for CNT@C3N4–Fe&Cu was then evaluated 
(Figure  4d; Figures S19 and S22, Supporting Information). 
Over the 10 h test at −1.2 V, CNT@C3N4–Fe&Cu still presents 
a stable current of −1.6  mA and an ammonia yield rate of 
10.27 µg mg−1 h−1, which is on the same level for the 3 h test 
(−1.6  mA and 9.86  µg mg−1 h−1), clearly showing its excellent 
durability during the long term electrocatalysis.

To better understand the performance enhancement from 
constructing such subnano reactors with multiple metal atoms, 
first principle calculations under the scheme of spin-polarized 
density functional theory have been performed, focusing on the 
synergetic effect of multiple metal centers. Specifically, we com-
pared the NRR performance of the subnano reactors hosting 
triple metal atoms of dual types (i.e., both Fe and Cu) with 
those hosting triple metal atoms of one type (i.e., Fe or Cu) and 
the conventional “single-atom” ones with only one metal atom 
center (Figure 5; Figure S20, Supporting Information).

As determined by the cavity size of the g-C3N4 (Figure  5a), 
configuration with three metal atoms trapped in each cavity 
has been identified as the most stable, forming Cu3, CuFe2, and 
Fe3 clusters. In this configuration, each metal atom is actually 
coordinated with two nitrogen-atoms and two metals, forming 
the 4-coordination configuration, which is in accordance with 
the aforementioned XANES, XPS, and EELS results. When an 
N2 molecule is adsorbed on such subnano reactors with triple 

metal atoms, as shown in Figure  5b, it is simultaneously sta-
bilized by three metal atoms, rather than by one individual 
metal atom. As a result, it would not necessarily require the very 
strong N-metal bond as in the case of isolated sites (Figure S20a, 
Supporting Information) and thus the subsequent NH3 desorp-
tion can be achieved with a lower energy input and thus effec-
tively facilitated. This can be clearly verified by the calculated 
profiles of free energy changes (∆G) for the elementary steps 
(Figure 5c–e; Figure S20b,c, Supporting Information). All of the 
subnano reactors with triple metal atoms offer higher activity as 
indicated by their smaller maximum ∆G (∆Gmax of 0.71 eV for 
Fe3, 0.86 eV for Cu3, and 0.58 eV for CuFe2, Figure 5c–e) than 
those of single-atom catalytic centers (i.e., 1.72  eV for Cu and 
1.73 eV for Fe, Figure S20, Supporting Information), indicating 
the much lower NRR barrier on these subnano reactors.

Moreover, on the subnano reactors with both Fe and Cu, the 
potential-determining step (PDS) for NRR is also significantly 
altered compared with the other two materials, indicating that the 
co-exitance of Cu and Fe sites have essentially different capacity 
to catalyze NRR. Specifically, the combination of Fe–Cu leads to 
optimal interaction with N2, due to the stronger FeN bonding 
than NCu, which turns the PDS from the 5th hydrogenation 
(NH* → NH2*) for CNT@C3N4–Fe (∆G = 0.71 eV, Figure 5c) and 
the N2 adsorption for CNT@C3N4–Cu (∆G = 0.86 eV, Figure 5d), 
respectively, to the initial hydrogenation (N2* → N2H*) with a 
lower energy barrier (∆G  = 0.58  eV) for CNT@C3N4–Fe&Cu 
(Figure  5e). Besides, in the case of dual-metal reactor, the Cu 
atoms might act as a “cache” to supply electrons to the Fe center 
through the metal–metal coordination, as evidenced by the 
surface electronic structure characterizations showing the elec-
tron-rich feature of Fe atoms (Figure 3c,d); and the metal–metal 
coordination between Fe and Cu is also more efficient for elec-
tron transfer compared with the typical metal–N coordination 
in the conventional single-atom electrocatalysts. Consequently, 
these features collaboratively contribute to the enhanced NRR 
activity for CNT@C3N4–Fe&Cu in comparison with those with 
mono metal species or single-atom catalytic centers.

In summary, for the first time, we have demonstrated the 
utilization of the ordered subnano space in the surface cavities 
of g-C3N4 to host multiple Fe and Cu atoms, forming subnano 
reactors, as an efficient electrocatalyst for NRR. Due to the 
strong coordination among Fe and Cu atoms, which are inti-
mately confined in such reactors, a significant synergy between 
these two species has been achieved, leading to significantly 
enhanced NRR performance in terms of high ammonia yield 
and efficiency that are much higher in comparison with the 
monometal counterparts. First principle calculations reveal that 
the coordination between Cu and Fe in this subnano reactor 
could simultaneously accelerate the adsorption of N2 reactant 
and optimize the reaction pathway toward a lower energy bar-
rier, leading to exceptionally facilitated NRR. Due to these out-
standing features, it is expected that the CNT@C3N4–Fe&Cu 
material will be a very suitable catalyst for ammonia produc-
tion under mild conditions and with low costs, and the concept 
of constructing subnano reactors should also shed light on the 
design of novel catalysts with a precision spatial location at sub-
nanometer scale for a wide spectrum of catalytic reactions as 
well.
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