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Quasi-Double-Star Nickel and Iron Active Sites for High-Efficient 
Carbon Dioxide Electroreduction
Ting Zhang,a,b Xu Han,a Hong Liu,c Martí Biset-Peiró,b Xuan Zhang,d,e Pingping Tan,e Pengyi Tang,*f,g 
Bo Yang,c Lirong Zheng,*h Joan Ramon Morante,b,i and Jordi Arbiol*a,j

Although the Faraday efficiencies (FEs) obtained on most of the Ni based single-atom catalysts (Ni-N-C) are satisfactory 
(generally > 90 %) for electrochemical transfer CO2 to CO, the practical application is still limited by their high 
overpotentials (> 600 mV vs. RHE), which implies a higher consumption of energy to drive the CO2 RR. In this work, we 
have prepared a quasi-double star catalyst composed of adjacent Ni and Fe active sites through a simple pyrolysis of Ni 
and Fe co-doped Zn-based MOFs in order to achieve a high selectivity at a low overpotential during CO2 RR. Specifically, 
the optimized Ni/Fe-N-C catalyst shows an exclusive selectivity (a maximum FE (CO) of 98 %) at a low overpotential of 390 
mV vs. RHE, which is superior to both single metal counterparts (Ni-N-C and Fe-N-C catalysts) and other state-of-the-art M-
N-C catalysts. DFT results further reveal that regulating the catalytic CO2 RR performance via adjacent Ni and Fe active sites 
can potentially break the activity benchmark of single metal counterparts because the neighboring Ni and Fe active sites 
not only function in synergy to decrease the reaction barrier for the formation of COOH* and desorption of CO* in 
comparison to their single metal counterparts, but also prevent the undesired hydrogen evolution reaction (HER). This 
work presents a quasi-double-star catalyst composed of two metal sites for high-efficient CO2 reduction, which paves the 
way for the rational design of bimetallic catalysts with separated active sites for other reactions.

Introduction
Severe environmental problems have triggered the 
development of the electrochemical CO2 reduction reaction 
(CO2 RR) in order to mitigate the high atmospheric CO2 
concentration at ambient conditions and allow the production 
of useful and added value chemicals (e.g. CO, HCOOH, CH4, 
CH3CH2OH).1, 2 However, the efficiency of CO2 RR is far from 

satisfactory due to the inherent inertness of CO2 molecules 
and the parallel presence of the competitive hydrogen 
evolution reaction (HER) during the electrocatalytic 
processes.3-5 Therefore, many research works have been 
devoted to design cost-friendly electrocatalysts for achieving a 
high CO2 conversion efficiency.
As a frontier in materials science, single-atom catalysts (SACs) 
with a higher density of exposed catalytic sites at an atomic 
level, have recently emerged, showing a great potential in the 
field of CO2 RR, due to their high selectivity and suppression of 
the competing HER.6-10 Typically, Ni-based SACs have been the 
focus of interest for the CO generation because of their high 
Faradaic efficiencies (FEs).11-15 For example, Wen et al. 
reported that Ni-N-C catalysts exhibited an excellent CO2 RR 
performance with a FE for CO over 99 % at −0.80 V vs. RHE.16 A 
Ni single-atom catalyst loaded in a hollow mesoporous carbon 
sphere was fabricated by Xiong et al., delivering a high CO2 RR 
selectivity (FE(CO) of 95 %) at −0.90 vs. RHE.17 It is well 
established that most of the Ni-N-C catalysts possess a high 
selectivity. However, as a counterpart, they usually show a 
high overpotential (generally > 600 mV vs. RHE), which is 
derived from their sluggish kinetics on Ni-N sites during the 
first proton-coupled electron transfer (CO2 + H+ + e− →  
COOH*).18, 19 These high overpotentials necessitate more 
energy to drive the CO2 RR than that thermodynamically 
needed.20, 21 In light of this, researchers spared no effort in 
optimizing the Ni-N-C catalysts to achieve a high FE(CO) at a 
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low overpotential, thus, meeting the requirements of practical 
applications.22-24

In order to improve the catalytic activity on Ni-N-C catalysts, 
one direct method is to optimize the first reaction step to 
obtain a high performance in the overall CO2-to-CO conversion 
process. In this way, ‘tandem catalysis’ is considered as one of 
the most inspiring strategies to break the linear scaling 
relations of the adsorption and desorption of reaction 
intermediates on the different active sites, thus, leading to an 
unprecedented catalytic ability.10, 25-27 Moreover, the 
electronic interactions and configuration environment 
between two active sites would be regulated and hence 
influence their synergistic catalytic performance.28-31 For 
instance, in comparison to metal single-atom sites, the formed 
double-metal active sites with their configuration structures 
can not only facilitate the O2 adsorption, but also weak the 
O=O bonds, thus, boosting the efficiency of the oxygen 
reduction reaction (ORR).30, 32, 33 With this in mind, we propose 
that a bimetallic catalyst should hold the potential for high 
efficiency CO2 RR, although such double metal-atom catalysts 
are still in their infancy towards CO2 RR.10

In the present work, we have combined the advantages of 
both Ni-N-C and Fe-N based catalysts. Herein, we have 
prepared a quasi-double-star Ni/Fe catalyst, aiming to achieve 
a high selectivity at a low overpotential during CO2 RR. On one 
hand, Ni-N-C catalysts possess a rapid desorption of *CO (CO* 
→  CO + *) due to weak bonding of CO, whereas Fe-N active 
sites generally show a low overpotential for CO2 RR because of 
the fast first proton-coupled electron transfer.19 The 
cooperation of closely positioned Fe and Ni active sites in a 
catalyst might act as a nano-reactor, and significantly, affect 
different reaction steps on the two separated active sites, 
enhancing the CO2 RR activity and selectivity. In addition, the 
presence of Fe adjacent to the Ni sites in a specific 
environment could influence the electron density and 
configuration environment between both active sites, and thus 
facilitate the adsorption and desorption of intermediates in 
the CO2 reduction process.33 Specifically, via a one-pot 
solvothermal synthesis, instead of a tedious multi-step doping 
process, we have prepared ternary metal-organic frameworks 
(MOFs) by rationally controlling Ni and Fe additive amounts in 
Zn-based IRMOF-3. Then, the adjacent Ni and Fe double active 
sites formed via a simple pyrolysis. As a result, the optimized 
Ni7/Fe3-N-C sample shows an excellent selectivity to CO 
evolution (FECO is 98 %) at a low overpotential (390 mV vs. 
RHE), which are superior to both single metal counterparts (Ni-
N-C and Fe-N-C catalysts) and other state-of-the-art 
single/double atom catalysts. Meanwhile, DFT results reveal 
that compared to Ni-N-C catalysts, this bimetallic catalyst with 
neighbouring Ni and Fe sites could facilitate the formation of 
COOH*. Moreover, the Ni/Fe-N-C catalyst not only could boost 
the desorption of CO*, but also limit the undesired HER in 
comparison to Fe-N-C, thus, leading to a win-win activity 
towards CO2 RR. Consequently, the excellent catalytic activity 
is attributed to the synergistic effect between the adjacent Ni 
and Fe active sites, which play an important role in regulating 
the binding energy of different intermediates during the 

adsorption and desorption processes, influencing different 
reaction steps towards CO2 RR. This work not only 
demonstrates that the catalysts with adjacent double-metal 
single atoms are promising electrocatalysts for CO2 RR, but 
also proves that such double metal sites can perfectly work as 
a nano-reactor, influencing different reaction steps on 
different active sites.

Results and discussion
Synthesis and Characterizations of Different Catalysts

The Ni/Fe-N-C sample was synthesized using a two-step 
procedure, as shown in Fig. 1c. First, a Ni and Fe co-doped Zn-
IRMOF-3 was prepared by a simple one-pot solvothermal 
method. For comparison, single metal (Fe or Ni) doped-Zn-
IRMOF-3 was also synthesized through the same method only 
containing Fe or Ni salt solutions (Fig. 1a and Fig. 1b). 
Afterwards, the Ni-N-C, Fe-N-C and Ni/Fe-N-C catalysts were 
obtained by a simple pyrolysis under Ar atmosphere. Detailed 
synthetic procedures can be found in the experimental 
section. X-ray diffraction (XRD) analysis indicates that the Ni 
and/or Fe-doped MOF precursors and IRMOF-3 possessed a 
similar crystal structure, according to their XRD patterns (Fig. 
S1).34 Meanwhile, as shown in the Fourier transform infrared 
(FTIR) spectra (Fig. S2), compared to the pure IRMOF-3, the 
absence of obvious differences on the characteristic peaks 
proved that introducing Ni and/or Fe did not change the 
functional groups of IRMOF-3. Furthermore, the structures, 
morphologies and element distributions of the different 
precursors were studied by field emission scanning electron 
microscopy (FE-SEM), and transmission electron microscopy 
(TEM) measurements. As revealed by FE-SEM (Fig. S3), the as-
prepared Ni7/Fe3-IRMOF-3 and the corresponding single M-
IRMOF-3 exhibited a similar morphology, maintaining the 
initial spherical shapes of IRMOF-3. The representative high 
angle annular dark-field scanning transmission electron 
microscopy (HAADF STEM) images showed that the Fe-IRMOF-
3, Ni-IRMOF-3 and Ni7/Fe3-IRMOF-3 catalysts exhibited 

Fig. 1. Schematic illustration of the preparation process of (a) Ni-N-C, (b) Fe-N-C 
and (c) Ni7/Fe3-N-C samples.
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Fig. 2. Characterizations of Ni7/Fe3-N-C. (a) XRD patterns, (b) Raman spectra, (c) low magnification and (d) high magnification aberration-corrected HAADF STEM 
images, (e) HAADF STEM image and representative EDS chemical compositions of Ni7/Fe3-N-C sample.

spheroidal particle-shape structures (Fig. S4-S6). The elemental 
distribution of these materials was investigated by electron 
energy loss spectroscopy (EELS), demonstrating the uniform 
dispersions of C, N, O and Zn elements throughout all the 
samples. In addition, we also found a uniform distribution of Ni 
or/and Fe, when present, in the Ni-IRMOF-3, Fe-IRMOF-3 and 
Ni7/Fe3-IRMOF-3 samples. Fig. S7a shows the typical nitrogen 
isothermal adsorption/desorption curves for the different 
samples. Significantly, the prepared precursors exhibited the 
typical type IV N2 adsorption isotherm. In addition, the surface 
area values calculated by Brunauer-Emmett-Teller (BET) 
analyses suggest that the porosity of the initial IRMOF-3 
remained almost intact after the introduction of the Ni and/or 
Fe species, suggesting that the pores were not filled by 
metallic precipitates or clusters, during the one-pot synthesis 
process (Fig. S7b). The pyrolysis process of the Ni7/Fe3-IRMOF-
3 sample was tracked by thermogravimetric analysis (TGA) 
(Fig. S8). 
After pyrolysis, the crystal structure of Ni-N-C, Fe-N-C and 
Ni7/Fe3-N-C catalysts was also analysed by XRD in Fig. S9 and 
Fig. 2a. Clearly, these three samples show similar diffraction 
patterns with two broad peaks at about 24° and 44°, 
representing the (002) and (100) diffraction planes for graphite 
carbon, which indicates the existence of a carbon matrix in 
these samples after pyrolysis.35, 36 Moreover, the characteristic 
peaks of metal hybrids are absent in the XRD patterns of the 
pyrolyzed products. The Raman spectra of Ni-N-C, Fe-N-C and 
Ni7/Fe3-N-C samples are shown in Fig. 2b and Fig. S10, 
presenting two main peaks at around 1365 and 1590 cm−1 
corresponding to the typical D and G bands of graphitic 
carbon. Compared to the Raman spectra of the pure Ni-N-C 
sample, the Id/Ig band intensity ratio of Fe-N-C and Ni7/Fe3-N-C 

samples was slightly lower, suggesting a smaller number of 
defects and a higher extent of graphitization in these two 
samples.37, 38

Aberration corrected (AC) HAADF STEM analyses was used to 
determine the morphology, structure and element distribution 
in the Ni7/Fe3-N-C sample, as displayed in Fig. 2c-2e and Figs. 
S11-S12. Fig. 2c and Fig. S11a show that the as-prepared 
Ni7/Fe3-N-C is still composed of irregular shape nanoparticles, 
indicating that the pyrolysis process did not completely 
destroyed the pristine structure of the MOF precursors. More 
importantly, we could not observe the presence of small bright 
clusters in low magnification HAADF STEM images, revealing 
that there are no metal nanoparticles or cluster formed during 
the Ni7/Fe3-N-C catalyst formation process, which is consistent 
with the XRD results (Fig. 2a). AC HAADF STEM images (Fig. 2d 
and Fig. S11b-i) validate the presence of homogeneously 
distributed high density of metal single-atoms, directly proving 
that the Ni and Fe have successfully been introduced as atomic 
dispersion sites in the Ni7/Fe3-N-C sample. In addition, the 
elemental distribution was elucidated by energy dispersive X-
ray spectroscopy (EDS), which not only revealed the 
homogeneous distribution of Ni, Fe, O and N dispersed in the 
whole carbon matrix (Fig. 2e and Fig. S12), but also clearly 
identified the existence of many neighbouring dual-dots 
marked by the yellow circles, suggesting the formation of 
adjacent Ni and Fe sites. These results indicate that 
neighbouring Ni and Fe sites could be successfully prepared, 
although few Ni or Fe individual sites also exist. In addition, the 
HAADF STEM images of Ni-N-C and Fe-N-C are shown in Figs. 
S13-S14. Multiple areas of the Ni-N-C sample were examined 
and no presence of Ni nanoparticles (precipitates) could be 
observed, proving that Ni atoms were also atomically 
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Fig. 3. Characterizations of Ni-N-C, Fe-N-C and Ni7/Fe3-N-C. (a) XPS spectra for the survey scan, (inset) Ni 2p and Fe 2p of Ni7/Fe3-N-C. (b) High-resolution XPS (b) N 1s 
and (c) O 1s spectrum of Ni7/Fe3-N-C. (d) XANES spectra of the Ni-N-C and Ni7/Fe3-N-C at Ni K-edge. The insets are the magnified corresponding regions. (e) XANES 
spectra of the Fe-N-C and Ni7/Fe3-N-C at Fe K-edge. The insets are the magnified corresponding regions. EXAFS spectra at (f) Ni K-edge and (g) Fe K-edge. (h) WT-
EXAFS of Ni-N-C, Fe-N-C and Ni7/Fe3-N-C. The corresponding Ni K-edge EXAFS fitting parameters for (i) Ni-N-C and (j) Ni7/Fe3-N-C sample. (Ni, Fe, O, N, C atoms are 
represented in red, green, pink, orange and grey, respectively).

dispersed, in agreement with the XRD results. However, it is 
worth noting that some bulk Fe particles could be observed in 
Fig. S14a, indicating that a small partial Fe aggregation 
occurred in the Fe-N-C sample. Interestingly, the cyclic 
voltammetry (CV) curves in Fig. S15, did not show the typical 
Fe reduction/oxidation redox peaks in the Fe-N-C sample, 
which was similar to the result obtained for the Ni7/Fe3-N-C 
catalyst, suggesting that the Fe clusters could not directly 
contact the solution to react. This result is rationalized by the 
presence of a carbon shell over the Fe clusters as observed by 
HRTEM (Fig. S15c), which could cut off the reaction between 
Fe particles and the solution.39 
X-ray photoelectron spectroscopy (XPS) was used to 
characterize the catalysts’ surfaces and compositions. The full 
survey scan XPS spectrum of Ni7/Fe3-N-C shown in Fig. 3a 
indicates that only the elemental signals for C, N and O could 
be observed. Meanwhile, a similar phenomenon is observed in 
the full survey scan XPS spectrum for Ni-N-C and Fe-N-C 
catalysts, as shown in Fig. S16. The high-resolution N 1s 
spectrum (Fig. 3b and Fig. S17) of all samples can be de-
convoluted into four components corresponding to pyridinic N 
(centred at 398.7 eV), pyrrolic N (401.0 eV), graphitic N (402.1 
eV), and a porphyrin-like moiety at 399.5 eV corresponding to 
the metal-nitrogen (M-N) coordination.19, 40 Notably, the high 
resolution O 1s spectroscopy deconvolution revealed the 
presence of the metal-O bond at 530 eV in Fe-N-C and Ni7/Fe3-
N-C samples, potentially implying the retainment of M-O 

chelation after calcination because of the oxygen-rich IRMOF-3 
precursors (Fig. 3c and Fig. S18).41 To further uncover 
information on the local structure of the different samples, X-
ray absorption spectroscopy (XAS) was performed at both Ni K-
edge and Fe K-edge for Ni7/Fe3-N-C and the corresponding 
single M-N-C catalysts. The XANES K-edge characterization was 
used to explore the structure and valence of the metal in the 
active sites.33 As shown in the Ni K-edge X-ray absorption near-
edge structure (XANES) of a reference Ni foil, Ni-N-C and 
Ni7/Fe3-N-C (Fig. 3d), the Ni K-edge spectra of both Ni-N-C and 
Ni7/Fe3-N-C shift towards higher binding energy compared to 
that of the Ni foil, suggesting a positive charge state of Ni 
atoms in the as-prepared catalysts (Ni-N-C and Ni7/Fe3-N-C).11 
The insets of Fig. 3d and Fig. S19a highlight the pre-edge 
features at approximately 8334 eV, corresponding to the 
signals of 3d and 4p orbital hybridization of the Ni central 
atoms.18 Meanwhile, the increased peak intensity in Ni7/Fe3-N-
C, compared to the Ni-N-C, is ascribed to the distorted D4h 
symmetry.18, 42 These results certify that Ni species in Ni-N-C 
and Ni7/Fe3-N-C exhibit a similar coordination path between 
metal centres and pyridinic/pyrrolic N, but the D4h symmetry in 
Ni7/Fe3-N-C is distorted by another coordination path such as 
the presence of a neighbouring Fe coordination, in good 
agreement with the dual bright dots observed in AC HAADF 
STEM and EDS images (Fig. 1e).19 Similarly, Fig. 3e present the 
Fe K-edge spectra for the Ni7/Fe3-N-C catalyst along with the 
Fe foil reference and the Fe-N-C sample for comparison. Here, 
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XANES clearly reveals that the Fe K-edge energy absorption 
threshold of Ni7/Fe3-N-C and Fe-N-C are different from the Fe 
foil reference, which indicates that the valence of Fe in 
Ni7/Fe3-N-C and Fe-N-C catalysts is higher than Fe0.43 
Moreover, as shown in Fig. 3e inset, the presence of the pre-
edge peak at around 7117 eV, which is the fingerprint of D4h 
symmetry, can be attributed to the Fe-N square planar 
configuration and the existence of Fe-N (O, C) coordination in 
Ni7/Fe3-N-C and Fe-N-C catalysts.44 Additional information is 
obtained from the Fourier transform (FT) k2-weighted χ(k) 
function of the Ni K-edge EXAFS of Ni-N-C and Ni7/Fe3-N-C 
catalysts, as shown in Fig. 3f. The Ni-N-C and Ni7/Fe3-N-C 
spectra show a main peak at 1.35 Å corresponding to the Ni-N 
scattering path, which is quite different from that observed at 
the standard Ni foil at 2.2 Å assigned to the metal-metal 
path.16, 19 From the Fourier transform (FT) k2-weighted χ(k) 
function spectra of the Fe K-edge EXAFS of Fe-N-C and Ni7/Fe3-
N-C catalysts (Fig. 3g), the main peaks at 1.5 Å stand for Fe-
N(O, C) bonds, respectively.21, 43 Meanwhile, there is no 
obvious metal-metal path for Ni7/Fe3-N-C, corroborating the 
absence of Ni-Fe, Ni-Ni or Fe-Fe coordination. Wavelet-
transform (WT) plots (Fig. 3h) were conducted to further verify 
the coordination information of the Ni7/Fe3-N-C catalyst. One 
intensity maximum is present at about 4.0 Å−1 in the Ni WT 
contour plots of the Ni-N-C and Ni7/Fe3-N-C catalysts, which 
can be assigned to the Ni-N pair.3 The analysis results of the Fe 
WT contour plots for all the samples are similar to the Ni plots. 
Therefore, both the FT- and WT-EXAFS analyses demonstrate 
that Ni and Fe atoms are mainly present in the Ni7/Fe3-N-C 
sample as atomic dispersions. To verify the detailed atomic 
structure of Ni-N-C, Fe-N-C and Ni7/Fe3-N-C, we obtained their 
corresponding EXAFS spectra, as shown in Figs. 3i-3j and Fig. 
S20. According to the fitting results and the corresponding 
fitting parameters listed in Tables S1 and S2, the Ni-N 
coordination number for Ni7/Fe3-N-C and Ni-N-C catalysts are 
4.5 and 3.9, with a corresponding bond length of 1.84 Å and 
1.87 Å, respectively. These latest results suggest that most of 
the single Ni atoms are coordinated with four nitrogen atoms 
on the Ni7/Fe3-N-C and Ni-N-C samples. In addition, the 
optimized Fe K-edge EXAFS spectra fitting results for the 
Ni7/Fe3-N-C catalyst showed a CN-value of 4.8 and a mean 
bond length of 1.98 Å, suggesting that the Fe single atoms 
should coordinate with four N atoms and one O atom. Both 
experimentally and theoretically previous results  show that 
metal-nitrogen bonds are more likely than the metal-carbon or 
metal-oxygen ones, suggesting to form in-plane FeN4 sites in 
the first coordination sphere.41, 45 However, the higher average 
CN-value in the Fe-N-C-based material strongly suggests that 
one axial O atom is adsorbed on top of the FeN4 moieties, 
resulting in coordinatively saturated iron cations, in line with 
the high oxophilicity of Fe.41, 45, 46 Meanwhile, the formed HO-
FeN4 active sites could induce a rapid CO* desorption and 
suppress the competitive HER, resulting in an improved 
catalytic performance in comparison to that of the FeN4 sites 
without axial O ligand.47 Therefore, in an atmosphere with the 
oxygen-rich ligand, the spectra obtained on the Ni7/Fe3-N-C 

sample are fitted as presenting adjacent NiN4 and HO-FeN4 
sites. 
CO2 RR in H-type Cell

The electrochemical CO2 reduction activity of the as-prepared 
catalysts was assessed using a typical three-electrode H-cell 
separated by an anion exchange membrane in 0.5 M NaHCO3 
electrolyte. The gas products were regularly examined by 
online gas chromatography (GC), showing that CO and H2 were 
the main gas products obtained for all the samples. In parallel, 
the liquid-phase products were analysed by using nuclear 
magnetic resonance (1H-NMR) spectroscopy after the 
electrochemical CO2 reduction processes, demonstrating there 
no liquid products were produced (Fig. S21).
In Fig. S22, we evaluate the CO2 reduction performance of 
different MOF precursors. These MOF precursors showed an 
insufficient ability towards CO2 RR to CO and a high 
performance for producing H2. After pyrolysis, we firstly 
obtained CV curves to roughly assess the double/single M-N-C 
samples towards CO2 RR. As shown in Fig. S23, these samples 
exhibited an increase of current density in CO2-saturated 
solution, compared to those obtained in the Ar-saturated 
electrolyte, which confirmed the efficient catalytic 
performance of Ni-N-C, Fe-N-C and Ni7/Fe3-N-C samples.14 
Then, the catalytic activities for CO2 RR were further 
investigated by the chronoamperometry method in CO2-
saturated 0.5 M NaHCO3 solution. Fig. 4a summarizes the 
measured total current density for Ni-N-C, Fe-N-C and Ni7/Fe3-
N-C samples. With the same mass loading of catalysts (ca. 1 
mg cm−2), the Ni-N-C delivers the smallest current density on 
each applied potential, which is lower than those obtained by 
the Fe-N-C and Ni7/Fe3-N-C samples. The result in Fig. 4a 
reveals that Ni-N-C exhibits a relatively poor activity for 
generating a current density (j). The corresponding FE for CO 
production is measured in a potential range from −0.40 to 
−0.70 V (vs. RHE) for all the catalysts synthesized, as shown in 
Fig. 4b. CO was the dominant gas product for these 
single/double M-N-C catalysts. Moreover, the FEs of the 
products varied with the electrode applied potentials. 
Specifically, the FE(CO) for the Fe-N-C and Ni7/Fe3-N-C 
catalysts typically exhibited an increase from ca. −0.40 to −0.50 
V vs. RHE, reaching a maximum FE(CO) (90 % and 98 %, 
respectively) at −0.50 V vs. RHE. As the potential changed to 
more negative values (−0.6 to −0.7 V vs. RHE), the FEs(CO) for 
Fe-N-C and Ni7/Fe3-N-C gradually decreased since the 
competitive HER became the dominant reaction, as evidenced 
in the FE (H2) shown in Fig. 4d. However, the FE(CO) of Ni-N-C 
increased dramatically as the potentials were getting more 
negative, until reaching the maximum FE (CO) (nearly 100 %) 
at −0.70 V vs. RHE. Accordingly, the obtained FEs of CO can be 
ranked in the following order: Ni7/Fe3-N-C > Fe-N-C > Ni-N-C in 
the potential range from −0.40 V to −0.50 V vs. RHE. Instead, 
when the potential is more negative than −0.60 V vs. RHE, the 
selectivity for CO follows the order: Ni-N-C > Ni7/Fe3-N-C > Fe-
N-C. As discussed, the overpotential at the maximum FE for CO 
formation is crucial for catalysts in electrocatalysis, as it 
represents the energy that is required to drive the reaction 
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Fig. 4. Electrocatalytic Performance of CO2 Reduction. (a) Total current density, (b) FE of CO at various potentials, (c) current density for CO production, (d) FE of H2 at 
various potentials, (e) current density for H2 production on Ni-N-C, Fe-N-C and Ni7/Fe3-N-C samples. (f) Stability test of Ni7/Fe3-N-C at −0.50 V vs. RHE.

beyond the one that is thermodynamically needed.24 Among 
these catalysts, Ni7/Fe3-N-C exhibited the highest selectivity for 
CO production at −0.50 V (vs. RHE), corresponding to an 
overpotential of just 390 mV vs. RHE, which is lower than that 
of Ni-N-C as well as the majority of other reported Ni-N-C 
catalysts (see Table S3 in supporting information). 
Furthermore, Ni7/Fe3-N-C shows a partial current density for 
CO production of −5 mA cm−2 at −0.50 V (Fig. 4c).  Meanwhile, 
the partial current density for CO production obtained by 
Ni7/Fe3-N-C is also significantly higher compared to the one 
obtained by Fe-N-C and Ni-N-C catalysts at most of the applied 
potentials. The potential-dependent H2 current densities for 
the different catalysts are shown in Fig. 4e. Based on these 
results, it is shown that the bimetallic Ni7/Fe3-N-C produces a 
high-efficient CO2 RR with a high selectivity and enhanced 
current densities at a low overpotential, results that are much 
better than those presented by the Ni-N-C sample. In order to 
further probe the high efficiency of Ni7/Fe3-N-C sample, we 
have estimated the electrochemical active surface areas 
(ECSA) of all samples and corresponding MOF precursors from 
the double-layer capacitance (Cdl) (Fig. S24). It is well 
established that higher ECSA often leads to higher catalytic 
activity.48, 49 Compared to the MOF precursors, the samples 
after pyrolysis exhibited the smaller Cdl. This phenomenon 
suggests that the intrinsic catalytic activity of these M-N-C 
samples is not correlated to a higher ECSA. Instead, the 
improved CO2 RR catalytic properties of these catalysts must 
be due to the presence of exposed isolated double or single 
metal active sites. The latest was further supported by the 
results obtained in a designed poisoning experiment with 
NaSCN solution. As shown in Fig. S25, the significant decrease 
of catalytic activity for Ni-N-C, Fe-N-C and Ni7/Fe3-N-C samples 
observed in NaHCO3 solution containing NaSCN, could be 
attributed to the high affinity of SCN− to metal ions poisoning 
the single/double active sites. Meanwhile, Ni-N-C, Fe-N-C and 

Ni7/Fe3-N-C samples showed a similar Cdl (~16 mF cm−2). The 
small difference in their ECSAs further proves that the adjacent 
Ni and Fe active sites in Ni7/Fe3-N-C significantly dominated 
the CO2 RR process compared to the two single metal 
counterparts.19 In addition, Nyquist plots revealed that the 
double/single M-N-C had a lower interfacial charge-transfer 
resistance (RCT) compared to the MOF precursors, revealing 
faster electron transfer during CO2 RR process, which is 
favourable for the formation of intermediates (Fig. S26).16, 19, 39 
Furthermore, the concentration effect of NaHCO3 in the CO2 
RR on the Ni7/Fe3-N-C catalyst was also investigated (Fig. S27). 
The plot of log (jCO) versus log ([HCO3

−]) at the constant 
potential of −0.50 V vs. RHE showed a slope of 0.71, indicating 
that the concentration effect of HCO3

− played a considerable 
role in promoting the conversion reaction of CO2 to CO.39, 50 
Therefore, the HCO3

− not only acts as a pH buffer and proton 
donor in this reaction, but also increases the concentration of 
CO2 near the electrode surface.39, 50, 51 In addition, by 
systematically controlling the ratio of Ni and Fe dopants, a 
series of Nix/Fey-N-C catalysts engaging both Ni and Fe sites 
were synthesized. We studied the electrochemical FEs on 
different Nix/Fey-N-C samples, as shown in Fig. S28. 
Specifically, Nix/Fey-N-C with a higher Ni dose still kept the high 
selectivity, but at a larger overpotential; however, Nix/Fey-N-C 
with a higher Fe dose showed a similar selectivity at the same 
applied potential compared with the single Fe-N-C catalyst. 
These results demonstrate that the presence of a certain 
amount of Fe single atoms indeed influences the generation of 
CO at different applied potentials. Similarly, a Ni7/Co3-N-C 
sample was fabricated by following the same methodology. 
However, it exhibited higher catalytic performance towards H2 
generation, as shown in Fig. S29. This result further reveals the 
dependence of the electrocatalytic performance on the 
introduction of different metals that are adjacent to the Ni 
sites. Because the secondary metal introduction determines 
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Fig. 5. DFT Studies of CO2 RR. (a) Supposed pathway of CO2 reduction to CO in DFT calculations. Free energy profiles for the (b) CO2 RR to CO at −0.50 V (vs. RHE) and 
(c) HER at 0 V (vs. RHE) on simulated models.

the adsorption properties and surface reactivity of the 
bimetallic catalysts through the tuning of the electron 
environment, thus, influencing the activity and selectivity.19, 33, 

52 To further confirm the synergy effect between adjacent Ni 
and Fe active sites in the Ni7/Fe3-N-C bimetallic catalysts 
toward CO2 RR, a Ni7/Fe3-N-C-P sample was prepared by 
physical mixture of Ni-N-C and Fe-N-C with the same Ni/Fe 
ratio. In comparison to the Ni7/Fe3-N-C, the Ni7/Fe3-N-C-P 
sample showed a decreased FE(CO) at all applied potentials, 
demonstrating the important impact of neighbouring Ni and Fe 
active sites prepared by the chemical process towards CO2 RR 
(Fig. S30). To further investigate the stability of the Ni7/Fe3-N-C 
during the CO2 RR, a 30-h durability measurement is 
conducted, as shown in Fig. 4f. A CO2 RR current density of 
around –5.6 mA cm–2 and a FE(CO) of over 90 % was 
maintained during the 30 h. All of the above results 
demonstrate that Ni7/Fe3-N-C has both a high catalytic activity 
and a high stability for CO2 RR to CO. Finally, a 2-Ni7/Fe3-N-C 
sample was fabricated by using a two steps doping process, 
and investigated towards CO2 RR, as shown in Fig. S31-S40. 
Notably, Ni7/Fe3-N-C and 2-Ni7/Fe3-N-C catalysts showed 
similar catalytic performances, demonstrating that our simple 
one-pot synthetic Ni and Fe co-doped IRMOF-3 could be 
directly used to prepare double metal active sites rather than 
the tedious multi-step doping process.
Theoretical Studies

Density Functional Theory (DFT) calculations were employed 
to further explore the origin of the improved CO2 RR 
performance on the Ni7/Fe3-N-C sample. Based on the XAS 
results, a simulation model with neighbouring Ni and Fe sites 
embedded in N-doped graphene surface was created to 
represent the Ni7/Fe3-N-C catalyst. It is worth noting that there 

is an axial -OH ligand coordinated with the Fe atom. For 
comparison, the two single metal counterpart models for Ni-N-
C and HO-Fe-N-C were also considered. We denote Ni sites in 
Ni-N-C catalyst as Ni-N-C-Ni, Fe sites in HO-Fe-N-C catalyst as 
HO-Fe-N-C-Fe, and Ni sites or Fe sites in Ni7/Fe3-N-C as Ni/Fe-
N-C-Ni or Ni/Fe-N-C-Fe, respectively. The optimized structures 
and the optimal adsorption configurations of the reaction 
intermediates are shown in Fig. S41. 
It is well established that there are three elementary steps 
during CO2 RR, namely the formation of COOH*, conversion of 
COOH* to CO*, and the desorption of CO* from the active site, 
as shown in Fig. 5a.19, 52, 53 The free energy profiles of CO2 
reduction to CO on different models at −0.5 V (vs. RHE) are 
illustrated in Fig. 5b. We can see that the free energy of 
COOH* formation on the Ni-N-C-Ni model is 0.83 eV, which is 
much higher than that of HO-Fe-N-C-Fe (−0.02 eV), which 
reflects the sluggish formation of COOH* on Ni sites. Regarding 
the CO* desorption process, it is exergonic on Ni-N-C-Ni due to 
the weak binding of CO* at the Ni active site. In contrast, it 
requires to overcome 0.47 eV of desorption free energy on 
HO-Fe-N-C-Fe due to the strong binding of CO* at the Fe site. 
These results reveal that the catalytic performances of single 
metal atom catalysts for CO2 RR are limited by either the 
difficult formation of *COOH (on Ni sites) or the slow 
desorption of CO* (on Fe sites). When Ni and Fe were 
embedded adjacently in one catalyst model, a decrease of 
COOH* adsorption free energy could be seen over Ni/Fe-N-C-
Ni (0.78 eV) compared to that over Ni-N-C-Ni (0.83 eV), while 
Ni/Fe-N-C-Fe (0.28 eV) exhibited a weaker COOH* adsorption 
free energy compared to HO-Fe-N-C-Fe (−0.02 eV). However, 
the presence of Ni sites could promote CO* desorption on 
Ni/Fe-N-C-Fe, and the desorption free energy is only 0.11 eV, 
which was much lower than that over HO-Fe-N-C-Fe (0.47 eV). 
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Meanwhile, the desorption of *CO over Ni/Fe-N-C-Ni was still 
spontaneous, which was similar to that for Ni-N-C-Ni. When 
comparing the reaction free energy of the most difficult step in 
CO2 RR on HO-Fe-N-C-Fe (CO* desorption, 0.47 eV) and Ni/Fe-
N-C-Fe (COOH* formation, 0.28 eV), we could find that the 
presence of Ni would promote the activity of CO2 RR at Fe 
sites. Therefore, we found that this bimetallic catalyst showed 
a priority on CO2 RR to CO due to its synergistic effect for 
*COOH formation and *CO desorption, leading to an excellent 
performance in CO2 RR in comparison to the single metal 
counterparts. Taking into account all the above results, we 
suggest that Ni and Fe sites in this nano-reactor (Ni7/Fe3-N-C 
catalyst) could simultaneously adsorb COOH* and desorb CO*, 
but mainly influence different reaction steps, leading to an 
excellent performance in CO2 RR. 
Additionally, HER as a competing side reaction was also 
studied, and the free energy profiles obtained are shown in 
Fig. 5c. It can be found that Ni-N-C-Ni and Ni/Fe-N-C-Ni require 
relatively high free energies towards *H formation. In contrast, 
the adsorption free energies on HO-Fe-N-C-Fe and Ni/Fe-N-C-
Fe are relatively lower (0.77 eV and 0.99 eV). These results 
suggest that HER occurs more easily on Fe sites than Ni sites, 
and that the existence of neighbouring Ni atoms can further 
hinder the HER on Fe atoms. Taking CO2 RR and HER together 
into consideration, it can be concluded that the quasi-double-
star Ni7/Fe3-N-C catalyst with adjacent Ni and Fe sites is 
superior for CO2 RR, not only facilitating the formation of 
COOH* compared to the single Ni-N-C catalyst, and boosting 
the CO* desorption, but also limiting the undesired HER in 
comparison to the single Fe-N-C catalyst. These results are in 
good agreement with the experimental observations that 
Ni7/Fe3-N-C exhibits enhanced activity and selectivity for CO2 
RR over individual Ni-N-C and Fe-N-C catalysts.

Conclusions
In summary, we have demonstrated that a quasi-double-star 
catalyst composed of adjacent Ni and Fe active sites can 
enhance the activity towards CO2 RR, in comparison to the 
single atom moieties. In this way, an atomically dispersed 
bimetallic Ni/Fe-N-C sample is successfully prepared through 
rationally controlling the Fe and Ni additive amounts into Zn-
IRMOF-3, showing an excellent selectivity for generating CO 
(98 %) at a low overpotential (390 mV vs. RHE). These results 
are superior to those obtained in the single atom catalyst 
counterparts. Furthermore, the adjacent Ni and Fe active sites 
act as a nano-reactor, affecting different reaction steps in 
comparison to two separate active sites during CO2 RR, thus, 
enhancing the overall activity. DFT simulations suggest that the 
adjacent Ni and Fe sites weaken the bonding energy of CO2 RR 
intermediates as well as limit the competitive HER, and, thus, 
boost the CO2 RR activity. Overall, this work provides a 
possibility for manipulating two active sites in a catalyst for 
improving both, selectivity and activity in CO2 RR, 
simultaneously. The strategy employed here might be also 
adaptable for other electrocatalytic processes, such as, 

nitrogen reduction reaction (NRR), ORR and oxygen evolution 
reaction (OER).

Experimental section
Preparation of Ni-IRMOF-3, Fe-IRMOF-3, Nix/Fey-IRMOF-3 

In this procedure, the fabrication process of M-IRMOF-3 is 
similar to the reported in literature with minor modification.54 
In detail, 932 mg Zn(NO3)2·6H2O were dissolved in 100 ml DMF 
under magnetic stirring at room temperature to form a 
homogeneous solution. 181 mg 2-aminoterphthalic acid was 
added into the above mixture under ultrasonic for 5 min at 
room temperature. Then, 70 µl Ni(NO3)2·6H2O or FeCl3·6H2O 
solution (10 mg ml−1, DMF) were dropwise injected into the 
above solution under ultrasonic stirring until the formation of 
a clear solution. The obtained homogeneous solution was 
transferred into the Teflon-lined stainless-steel autoclave and 
reacted at 100 °C for 24 h. After cooling to room temperature, 
the powder was collected by centrifugation, washed with 
ethanol and DMF several times to remove organic residual. 
The final products denoted as Ni-IRMOF-3 or Fe-IRMOF-3 were 
then dried in vacuum at 65 °C overnight. Similarly, the Nix/Fey-
IRMOF-3 were harvested by adding Ni(NO3)2·6H2O (63 µl, 56 
µl, 49 µl, 42 µl, 35 µl) and FeCl3·6H2O (7 µl, 14 µl, 21 µl, 28 µl, 
35 µl) solution with different quantities. We denoted the 
resulting sample as Nix/Fey-IRMOF-3. 
Preparation of 2-Ni7/Fe3-IRMOF-3

The 100 mg IRMOF-3 powder was dispersed in 10 ml DMF 
under ultrasound for 10 min at room temperature. After 
forming a homogeneous solution, FeCl3·6H2O (10 mg ml−1, 9 µl) 
and Ni(NO3)2·6H2O (10 mg ml−1, 21 µl) solution were dropwise 
injected into the above solution under ultrasonic stirring for 5 
min at room temperature. Next, the mixed solution was left 
under magnetic stirring at room temperature for 3 h. After 
reacting, the powder was collected by centrifugation, washed 
with ethanol and DMF several times to remove organic 
residual and dried in vacuum at 65 °C overnight.  Then, we 
obtained the 2-Ni7/Fe3-IRMOF-3 sample. 
Preparation of Ni-N-C, Fe-N-C, Nix/Fey-N-C and 2-Ni7/Fe3-N-C

As-prepared Ni-IRMOF-3 (or Fe-IRMOF-3, Nix/Fey-N-C and 2-
Ni7/Fe3-N-C) powders were put in a porcelain boat. 
Subsequently, the samples were placed in a tube furnace and 
heated at 950 °C for 2 h with a heating rate of 5 °C min−1 under 
an Ar atmosphere to yield disperse Ni-N-C, Fe-N-C, Nix/Fey-N-C 
and 2-Ni7/Fe3-N-C.
Preparation of Physical Mixture Ni7/Fe3-N-C (Labelled as Ni7/Fe3-
N-C)

For the preparation of the Ni7/Fe3-N-C-P sample, 3.5 mg of Ni-
N-C powder were directly added into 1.5 mg of Fe-N-C powder. 
The powder was then mixed with a spoon.
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Materials and Methods  1 

Materials:  2 

If not specified, all chemical reagents were purchased from Sigma-Aldrich.  Zinc 3 

nitrate hexahydrate (Zn(NO3)2·6H2O), 2-Aminoterphthalic acid, iron chloride 4 

hexahydrate (FeCl3·6H2O), cobaltous nitrate hexahydrate (Co(NO3)2·6H2O), nickel 5 

chloride hexahydrate (NiCl2·6H2O), N,N-dimethylformamide (DMF), sodium 6 

thiocyanate (NaSCN), ethanol and sodium bicarbonate (NaHCO3) were all of 7 

analytical grade and used as received without further purification. Meanwhile, all 8 

solutions were prepared with Milli-Q water (DI-H2O, Ricca Chemical, ASTM Type I). 9 

The carbon paper was purchased from Alfa Aesar. The Nafion (N-117 membrane, 10 

0.18 mm thick) was also purchased from Alfa Aesar and kept in 0.5 M NaOH 11 

solution.  12 

Characterization:  13 

The X-ray diffraction patterns (XRD) were obtained through a Bruker D4 X-ray 14 

powder diffractometer using Cu Kα radiation (1.54184 Å). Field emission scanning 15 

electron microscopy (FESEM) images were collected on a FEI Magellan 400 L 16 

scanning electron microscope. The transmission electron microscopy (TEM) and high 17 

angle annular dark field scanning TEM (HAADF STEM) images were obtained in a 18 

Tecnai F20 field emission gun microscope with a 0.19 nm point-to-point resolution at 19 

200 kV equipped with an embedded Quantum Gatan Image Filter for EELS analyses. 20 

Images have been analyzed by means of Gatan Digital Micrograph software. Parts of 21 

HAADF-STEM images and elemental mapping (EDX) were obtained in a spherical 22 
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aberration-corrected (AC) transmission electron microscope FEI Themis Z and 1 

operated at 200 kV. X-ray photoelectron spectroscopy (XPS) was performed on a 2 

Phoibos 150 analyser (SPECS GmbH, Berlin, Germany) in ultra-high vacuum 3 

conditions (base pressure 4×10−10 mbar) with a monochromatic aluminum Kα X-ray 4 

source (1486.74 eV). Binding energies (BE) were determined using the C 1s peak at 5 

284.5 eV as a charge reference. Inductively coupled plasma-mass spectrometry 6 

(ICP-MS) measurements were carried out to determine the concentration of Fe. 7 

Brunauer-Emmett-Teller (BET) surface areas were measured using nitrogen 8 

adsorption at 77 K. Raman spectra were obtained using Senterra. Fourier transformed 9 

infrared (FTIR) spectroscopy data were recorded on an Alpha Bruker spectrometer. 10 

Thermogravimetric Analysis was measured by Pyris 1 TGA, Perkin Elmer. 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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XAFS Measurements: 1 

The X-ray absorption find structure spectra (Fe K-edge) were collected at 1W1B 2 

station in Beijing Synchrotron Radiation Facility (BSRF). The storage rings of BSRF 3 

were operated at 2.5 GeV with an average current of 250 mA. Using Si(111) 4 

double-crystal monochromator, the data collection were carried out in 5 

transmission/fluorescence mode using ionization chamber. All spectra were collected 6 

in ambient conditions.   7 

XAFS Analysis and Results: 8 

The acquired EXAFS data were processed according to the standard procedures using 9 

the ATHENA module implemented in the IFEFFIT software packages. The 10 

k3-weighted EXAFS spectra were obtained by subtracting the post-edge background 11 

from the overall absorption and then normalizing with respect to the edge-jump step. 12 

Subsequently, k3-weighted χ(k) data of Fe K-edge were Fourier transformed to real (R) 13 

space using a hanning windows (dk=1.0 Å−1) to separate the EXAFS contributions 14 

from different coordination shells. To obtain the quantitative structural parameters 15 

around central atoms, least-squares curve parameter fitting was performed using the 16 

ARTEMIS module of IFEFFIT software packages.1-3 17 

 18 

 19 

 20 

 21 

 22 
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8 
 

Ink Preparation: 1 

2 mg synthesized different samples and 50 l 5 wt% Nafion solutions were dissolved 2 

in ethanol (1 ml) and ultrasonicated for 1 h to form evenly suspension for the further 3 

electrochemical experiments. To prepare the working electrode, 500 µL above 4 

as-prepared inks were dropped onto the two sides of the carbon paper electrode with 5 

1×1 cm2 and then dried at room temperature for a few minutes, giving a catalyst 6 

loading mass of ~1 mg cm−2. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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Electrochemical Measurement:  1 

The electrocatalytic performance of different catalysts was measured at room 2 

temperature by using a gas-tight H-cell with two-compartments separated by a cation 3 

exchange membrane (Nafion N-117 membrane) with a continuously Ar or CO2 gas 4 

injection. Each compartment contained 70 ml electrolyte (0.5 M NaHCO3 made from 5 

de-ionized water). In a typical experiment, a standard three electrode setup in 0.5 M 6 

NaHCO3 solution was assembled: an Ag/AgCl electrode as a reference electrode, a Pt 7 

plate as a counter electrode and a carbon paper coated with the different samples as a 8 

working electrode (surface area = 1 cm2). The potentials were measured versus 9 

Ag/AgCl and converted to the reversible hydrogen electrode (RHE) according to the 10 

following equation: ERHE = E0
Ag/AgCl + EAg/AgCl + 0.059 × pH, pH=7.4 All 11 

electrochemical results were showed without iR-compensation by using a 12 

computer-controlled BioLogic VMP3 electrochemical workstation. Meanwhile, the 13 

linear sweep voltammetry (LSV) was performed at a scan rate of 20 mV s−1 from 0 V 14 

to −1.5 V vs. Ag/AgCl in Ar-saturated 0.5 M NaHCO3 (pH=8.5) and CO2-saturated 15 

0.5 M NaHCO3 (pH=7) as supporting electrolyte. The cyclic voltammetry (CV) was 16 

performed at a scan rate of 20 mV s−1. Moreover, electrochemical impedance 17 

spectroscopy (EIS) of different samples was carried out in a frequency range from 100 18 

kHz to 100 mHz. 19 

Before the electrochemical CO2 reduction experiments, an average rate of 20 ml 20 

min−1 Ar was injected into cathodic electrolyte in order to form an Ar-saturated 21 

solution. During electrochemical CO2 reduction experiments, the CO2 gas was 22 
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delivered at an average rate of 20 ml min−1 at room temperature and ambient pressure, 1 

measured downstream by a volumetric digital flowmeter. The gas phase composition 2 

was analyzed by gas chromatography (GC) during potentiostatic measurements every 3 

20 min. The calibration of peak area vs. gas concentration was used for the molar 4 

quantification of each gaseous effluent. The Faradaic efficiency was calculated by 5 

determining the number of coulombs needed for each product and then dividing by 6 

the total charge passed during the time of the GC sampling according to the flow rate. 7 

Liquid products were analyzed afterwards by quantitative 1H-NMR using water as the 8 

deuterated solvent. 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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Calculation Method:  1 

Details concerning the Faradaic Efficiency (FE) calculations are shown below.4-6  2 

The partial current density for a given gas product was calculated as below: 3 

𝑗௜ ൌ 𝑥௜ ൈ 𝑉 ൈ
𝑛௜𝐹𝑃଴
𝑅𝑇

ൈ ሺ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑎𝑟𝑒𝑎ሻିଵ 4 

Where xi is the volume fraction of a certain product determined by online GC 5 

referenced to calibration curves from three standard gas samples, V is the flow rate, ni 6 

is the number of electrons involved, P0= 101.3 kPa, F is the Faraday constant, and R 7 

is the gas constant. The corresponding FE at each potential is calculated by 8 

𝐹𝐸 ൌ
𝑗௜
𝑗
ൈ 100% 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 
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DFT Calculations: 1 

 2 

The spin-polarized DFT calculations with projector augmented wave (PAW) 3 

method7-10 were performed using the Vienna ab initio Simulation Package (VASP) 4 

code.11 The Bayesian error estimation functional with van der Waals correlation 5 

(BEEF-vdW) was employed to set the plane wave basis.12 The convergence criteria 6 

were 0.05 eV/ Å in force and 1×10−4 eV in energy and the plane wave cutoff was 500 7 

eV. The Monkhorst–Pack mesh k-point grids were 2×2×1 for all models. All the 8 

vacuum thicknesses were higher than 15 Å. With the BEEF-vdW function, the energy 9 

of the gas phase molecules gave a systematic correction by +0.41 and +0.09 eV for 10 

gaseous CO2 and H2, respectively.13-15 For the electroreduction of CO2 to CO, the 11 

following elementary steps were considered: 12 

CO2(g) + * + H+(aq) + e- ↔ COOH*       (Equation S.1)  13 

COOH* + H+(aq) + e- ↔ CO* + H2O(l)      (Equation S.2)  14 

CO* ↔ CO(g) + *                              (Equation S.3) 15 

where (g), (aq) represent the gaseous phase and aqueous phase, respectively. The *, 16 

COOH* and CO* represent free site, adsorption state of COOH and CO, respectively. 17 

The reaction free energies of each step was calculated by the following formula: 18 

DFT ZPE sold +pG E E C T TS E                    (Equation S.4) 19 

the 𝐸஽ி் is the DFT calculated energy, 𝐸௓௉ா is the zero-point energy, Cp is the 20 

constant pressure heat capacity, T is temperture, S is the entropy. The Esol is solvation 21 

correction, which is -0.1 eV for CO* and -0.25 eV COOH*.16 The temperature for the 22 
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reaction is considered as 298.15 K here. 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 
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 9 

Fig. S1. XRD patterns of Ni-IRMOF-3, Fe-IRMOF-3 and Ni7/Fe3-IRMOF-3. 10 
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Fig. S2. FTIR spectrum of IRMOF-3, Ni-IRMOF-3, Fe-IRMOF-3 and Ni7/Fe3-IRMOF-3. 23 
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Fig. S3. SEM images of (a and b) IRMOF-3, (c and d) Ni-IRMOF-3, (e and f) Fe-IRMOF-3, (g 21 

and h) Ni7/Fe3-IRMOF-3. 22 
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Fig. S4. HAADF STEM image of Ni-IRMOF-3 and representative EELS chem൴cal compos൴t൴on 9 

maps obta൴ned from the red squared area of the STEM m൴crograph. Ind൴v൴dual N൴ L2,3-edges at 855 10 

eV (red), Zn L2,3-edges at 1020 eV (blue), N K-edges at 401 eV (orange), O K-edges at 532 eV 11 

(pink) and C K-edges at 285 eV (grey) as well as compos൴tes of Zn-N, Zn-O, Ni-Zn and Ni-Zn-N. 12 

 13 

 14 
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 16 

 17 

 18 

 19 

 20 

 21 

 22 

Fig. S5. HAADF STEM image of Fe-IRMOF-3 and representative EELS chem൴cal compos൴t൴on 23 

maps obta൴ned from the red squared area of the STEM m൴crograph. Ind൴v൴dual Fe L2,3-edges at 708 24 

eV (green), Zn L2,3-edges at 1020 eV (blue), N K-edges at 401 eV (orange), O K-edges at 532 eV 25 

(pink) and C K-edges at 285 eV (grey) as well as compos൴tes of Zn-N, Zn-O, Fe-Zn and Fe-Zn-N. 26 
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Fig. S6. (a) BF TEM, (b, c) HAADF STEM image of Ni7/Fe3-IRMOF-3 and representative EELS 23 

chem൴cal compos൴t൴on maps obta൴ned from the red squared area of the STEM m൴crograph. 24 

Ind൴v൴dual N൴ L2,3-edges at 855 eV (red), Fe L2,3-edges at 708 eV (green), Zn L2,3-edges at 1020 25 

eV (blue), N K-edges at 401 eV (orange), O K-edges at 532 eV (pink) and C K-edges at 285 eV 26 

(grey) as well as compos൴tes of N൴-Fe, Ni-Fe-Zn and Ni-Fe-Zn-N. 27 
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Fig. S7. (a) N2 adsorption and desorption isotherm and (b) BET surface areas for IRMOF-3, 12 

Ni-IRMOF-3, Fe-IRMOF-3 and Ni7/Fe3-IRMOF-3. 13 
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Fig. S8. TGA patterns of Ni7/Fe3-IRMOF-3. 19 
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Fig. S9. XRD patterns of Ni-N-C and Fe-N-C. 17 
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 19 
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Fig. S10. Raman spectra of (a) Ni-N-C and (b) Fe-N-C. 12 
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Fig. S11. (a) Low magnification and (b-i) high magnification aberration-corrected HAADF STEM 28 

images of Ni7/Fe3-N-C sample. 29 
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Fig. S12. HAADF STEM image of Ni7/Fe3-N-C and representative EDX chem൴cal compos൴t൴on 23 

maps. 24 
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Fig. S13. (a) HAADF STEM, (b, c) BF TEM images of Ni-N-C, (d) HAADF STEM image and 23 

representative EELS chem൴cal compos൴t൴on maps obta൴ned from the red squared area of the 24 

STEM m൴crograph. Ind൴v൴dual N൴ L2,3-edges at 855 eV (red), N K-edges at 401 eV (orange), O 25 

K-edges at 532 eV (pink) and C K-edges at 285 eV (grey) as well as compos൴tes of Ni-N and 26 

Ni-O. 27 
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Fig. S14. (a) HAADF STEM, (b, c) BF TEM, (d) HRTEM images of Fe-N-C as well as (e) 19 

HAADF STEM image and representative EELS chem൴cal compos൴t൴on maps obta൴ned from the red 20 

squared area of the STEM m൴crograph. Ind൴v൴dual Fe L2,3-edges at 708 eV (green), N K-edges at 21 

401 eV (orange), O K-edges at 532 eV (pink) and C K-edges at 285 eV (grey) as well as 22 

compos൴tes of Fe-N, Fe-O, Fe-C and Fe-N-C-O. 23 

 24 
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Fig. S15. CV curves of (a) Ni-N-C, (b) Fe-N-C and (c) Ni7/Fe3-N-C in 0.5 M NaHCO3 electrolyte. 10 
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Fig. S16. XPS survey spectra of (a) Ni-N-C (inset) Ni 2p and (b) Fe-N-C (inset) Fe 2p. 14 
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Fig. S17. High-resolution XPS N 1s of (a) Ni-N-C and (b) Fe-N-C. 29 
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Fig. S18. High-resolution XPS O 1s of (a) Ni-N-C and (b) Fe-N-C. 44 
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Fig. S19. The enlarged pre-edge region of (a) Ni K-edge XANES spectra and (b) Fe K-edge 13 

XANES spectra. 14 
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Figure S20. The corresponding Fe K-edge EXAFS fitting parameters for (a) Fe-N-C and (b) 12 

Ni7/Fe3-N-C samples. 13 

 14 

Table S1. EXAFS fitting parameters at the Ni K-edge for various samples 15 

Sample Shell N a R (Å) b σ2 (Å2·10-3) c 
ΔE0 (eV) 

d 

R factor 

(%) 

Ni7/Fe3-N-C Ni-N 4.5 1.84 9.2 -5.1 0.3 

Ni-N-C 
Ni -N 3.9 1.87 6.5 -5.9 

0.7 
Ni -C 3.2 2.12 6.3 -1.6 

aN: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the inner potential 16 

correction. R factor: goodness of fit. Ѕ02 were set as 0.85/0.80 for Ni-N/Ni-C, which was obtained 17 

from the experimental EXAFS fit of reference FePc by fixing CN as the known crystallographic 18 

value and was fixed to all the samples.    19 

 20 

Table S2. EXAFS fitting parameters at the Fe K-edge for various samples 21 

Sample Shell N a R (Å) b σ2 (Å2·10-3) c 
ΔE0 (eV) 

d 

R factor 

(%) 

Ni7/Fe3-N-C Fe-N(O) 4.8 1.98 8.9 -2.4 1.1 

Fe-N-C 
Fe-N 6.1 1.99 10.1 -3.3 

0.3 
Fe-Fe 1.0 2.52 7.2 -1.5 

aN: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the inner potential 22 

correction. R factor: goodness of fit. Ѕ02 were set as 0.85/0.90 for Fe-N/Fe-Fe, which was 23 

obtained from the experimental EXAFS fit of reference FePc/Fe foil by fixing CN as the known 24 

crystallographic value and was fixed to all the samples.   25 

 26 

 27 

 28 

 29 

 30 
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Fig. S21. The representative 1H-NMR spectra of the electrolyte after electrolysis of −0.50 V for 18 

Ni7/Fe3-N-C in CO2-saturated 0.5 M NaHCO3 electrolyte for 30 h. 19 
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Fig. S22. LSV curves vs. RHE of (a) Ni-IRMOF-3, (b) Fe-IRMOF-3, and (c) Ni7/Fe3-IRMOF-3 32 

obtained in Ar- or CO2-saturated 0.5 M NaHCO3 solution. FE of CO at various potentials and FE 33 

of H2 at various potentials on (d) Ni-IRMOF-3, (e) Fe-IRMOF-3, (f) Ni7/Fe3-IRMOF-3. 34 

 35 
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Fig. S23. CV curves vs. RHE of (a) Ni-N-C, (b) Fe-N-C, (c) Ni7/Fe3-N-C and (d) LSV curves vs. 22 

RHE of Ni7/Fe3-N-C obtained in Ar- or CO2-saturated 0.5 M NaHCO3 solution. 23 

 24 

 25 
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Fig. S24. Cyclic voltammograms curves for (a) Ni-IRMOF-3, (b) Fe-IRMOF-3, (c) 12 

Ni7/Fe3-IRMOF-3, (e) Ni-N-C, (f) Fe-N-C and (g) Ni7/Fe3-N-C. (d) Plots of the current density vs. 13 

scan rate for Ni-IRMOF-3, Fe-IRMOF-3 and Ni7/Fe3-IRMOF-3 electrodes. (h) Plots of the current 14 

density vs. scan rate for Ni-Ni-N-C, Fe-N-C and Ni7/Fe3-N-C electrodes. 15 

 16 

 17 
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Fig. S25. Linear sweep voltammetry curves of (a) Ni-N-C, (b) Fe-N-C and (c) Ni7/Fe3-N-C with 8 

and without 0.05 M NaSCN. 9 
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Fig. S26. Electrochemical impedance spectroscopy (EIS) of (a) Ni-IRMOF-3, Fe-IRMOF-3 and 11 

Ni7/Fe3-IRMOF-3, as well as (b) Ni-N-C, Fe-N-C and Ni7/Fe3-N-C.  12 

 13 

 14 

 15 

 16 

 17 
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Figure S27. (a) Current density and FE of Ni7/Fe3-N-C at different NaHCO3 concentration at a 12 

constant potential (−0.50 V vs. RHE). (b) Partial CO current density of Ni7/Fe3-N-C vs. NaHCO3 13 

concentration at −0.50 V vs. RHE. 14 
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 17 

 18 
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Fig. S28. (a) FE of CO and (b) FE of H2 at various potentials on Nix/Fey-N-C. 12 
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Fig. S29. (a) FE of CO and (b) FE of H2 at various potentials on Ni7/Fe3-N-C and Ni7/Co3-N-C. 12 
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Fig. S30. (a) FE of CO at various potentials and (b) Current density for CO production on 42 

Ni7/Fe3-N-C and Ni7/Fe3-N-C-P. 43 

 44 
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Fig. S31. (a) XRD patterns and (b) FTIR image of 2-Ni7/Fe3-IRMOF-3. 12 
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Fig. S32. SEM images of 2-Ni7/Fe3-IRMOF-3. 37 
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Fig. S33. (a) BF TEM, (b and c) HAADF STEM image of 2-Ni7/Fe3-IRMOF-3 and representative 24 

EELS chem൴cal compos൴t൴on maps obta൴ned from the red squared area of the STEM m൴crograph. 25 

Ind൴v൴dual N൴ L2,3-edges at 855 eV (red), Fe L2,3-edges at 708 eV (green), Zn L2,3-edges at 1020 26 

eV (blue), N K-edges at 401 eV (orange), O K-edges at 532 eV (pink) and C K-edges at 285 eV 27 

(grey) as well as compos൴tes of N൴-Fe, Ni-Fe-Zn and Ni-Fe-Zn-N. 28 
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Fig. 34. TGA of 2-Ni7/Fe3-IRMOF-3. 17 
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Fig. S35. (a) XRD patterns and (b) Raman spectra of 2-Ni7/Fe3-N-C. 13 
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Fig. S36. (a) HAADF STEM, (b, c) BF TEM images of 2-Ni7/Fe3-N-C, (d) HAADF STEM image 21 

and representative EELS chem൴cal compos൴t൴on maps obta൴ned from the red squared area of the 22 

STEM m൴crograph. Ind൴v൴dual N൴ L2,3-edges at 855 eV (red), Fe L2,3-edges at 708 eV (green), N 23 

K-edges at 401 eV (orange), O K-edges at 532 eV (pink) and C K-edges at 285 eV (grey) as well 24 

as compos൴tes of N൴-Fe, N൴-Fe-N, Ni-Fe-O and Ni-Fe-C. 25 
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Fig. S37. XPS spectra for the (a) survey scan, (inset) Ni 2p and Fe 2p, (b) C 1s, (c) N 1s and (d) O 23 

1s of 2-Ni7/Fe3-N-C. 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

Page 55 of 66 Energy & Environmental Science



46 
 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

Fig. S38. (a) Ni K-edge XANES spectra of Ni foil and 2-Ni7/Fe3-N-C. (b) Fe K-edge XANES 22 

spectra of Fe foil and 2-Ni7/Fe3-N-C. (c and d) Fourier transformation of the EXAFS spectra at R 23 

space. 24 
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Fig. S39. (a) LSV of 2-Ni7/Fe3-N-C obtained in Ar- or CO2-saturated 0.5 M NaHCO3 solution. FE 10 

of (b) CO and (c) FE of H2 at various potentials on Ni7/Fe3-N-C and 2-Ni7/Fe3-N-C. 11 
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Fig. S40. Linear sweep voltammetry curves of 2-Ni7/Fe3-N-C with and without 0.05 M NaSCN. 15 
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Fig. S41. The top view and side view of optimized adsorption configuration on simulated models 40 

(Ni, Fe, O, N and C atoms are represented in purple, cyan, red, blue and grey, respectively). 41 

 42 

 43 

 44 
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Table S3. Faradaic Efficiency (CO) of the reported single/double atom-based electrocatalysts for 1 

CO2 electroreduction.  2 

Catalyst Product FE(CO) Potential  Reference 

Fe-N-C CO 93 % −0.60 V vs. RHE 17 

Fe-N-C CO 81 % −0.57 V vs. RHE 18 

Fe-N-C CO 93.5 % −0.50 V vs. RHE 19 

Fe-N-C CO 93 % −0.60 V vs. RHE 20 

Fe-N-C CO 80 % −0.60 V vs. RHE 21 

Fe-N-C CO 92 % −0.58 V vs. RHE 22 

Fe-N-C CO   64 % −0.60 V vs. RHE 23 

Fe-N-C CO 95.47 % −0.60 V vs. RHE 24 

Fe-N5-C CO 97 % −0.46 V vs. RHE 25 

Fe-N-C CO 95 % −0.45 V vs. RHE 26 

Ni-N-C CO 99 % −0.68 V vs. RHE 5 

Ni-N-C CO 71.9 % −0.90 V vs. RHE 6 

Ni-N-C CO  95 % −0.70 V vs. RHE 27 

Ni-N-C CO 99 % −0.81 V vs. RHE 28 

Ni-N-C CO 96 % −0.67 V vs. RHE 29 

Ni-N-C CO 96 % −0.86 V vs. RHE 30 

Ni-N-C CO 95 % −0.77 V vs. RHE 31 

Ni-N-C CO 91.2 % −0.90 V vs. RHE 32 

Ni-N-C CO 97 % −0.70 V vs. RHE 33 

Ni-N-C CO 95 % −0.77 V vs. RHE 34 

Ni-N-C CO 99 % −0.80 V vs. RHE 35 

Ni-N-C CO 94 % −0.80 V vs. RHE 36 

NiCo-N-C CO 53 % −0.60 V vs. RHE 37 

Ni/Fe-N-C CO 98 % −0.70 V vs. RHE 38 

Ni/Fe-N-C CO 90 % −0.65 V vs. RHE 39 

Ni/Mn-C3N4-CNT CO 90 % −0.70 V vs. RHE 40 

ZnCo-N-C 

Ni-N-Co 

CO 

CO 

93.2 % 

96.4 % 

−0.50 V vs. RHE 

−0.48 V vs. RHE 

41 
42 

Ni7/Fe3-N-C CO 98 % −0.50 V vs. RHE This work 

 3 

 4 
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 6 
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 9 
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Dear Editor-in-Chief of Energy & Environmental Science, 

It is my pleasure to submit our original manuscript entitled “Quasi-Double-Star Nickel and Iron Active 

Sites for High-Efficient Carbon Dioxide Electroreduction” to Energy & Environmental Science as a Full 

paper. 

Ni-based single-atom catalysts (SACs) have a great potential to tackle the challenges in CO2 reduction 

reaction (CO2 RR) for generating CO because of their relatively high selectivity. However, the practical 

application is still limited by their high overpotentials (> 600 mV vs. RHE), which implies a higher 

consumption of energy to drive the CO2 RR. 

In the present work, we have combined the advantages of both Ni-N-C and Fe-N based catalysts to 

overcome this problem. On one side, Ni-N-C catalysts possess a rapid desorption of *CO (CO* → CO + *) 

due to the related weak bonding of CO, whereas on the other side, Fe-N active sites generally show a low 

overpotential for CO2 RR because of the fast first proton-coupled electron transfer. In addition, we have 

shown that the presence of Fe adjacent to the Ni sites in a specific environment can lead to influence the 

electron density and configuration environment between both active sites, and thus facilitate the adsorption 

and desorption of intermediates in the CO2 reduction process. In this work, we propose that a quasi-double 

star catalyst with the cooperation of close Fe and Ni active sites might act as a nano-reactor and 

significantly affect different reaction steps on the two separate (but close) active sites, and thus, boost both, 

the CO2 RR activity and selectivity. In the following, we would like to highlight, four relevant issues 

addressed in the present manuscript about the designed double-star Ni/Fe catalyst: 

1) Successful fabrication of bimetallic single atom active sites. We have prepared a bimetallic Ni/Fe 

catalyst composed of adjacent Ni and Fe active sites without Ni-Fe bonds through a simple pyrolysis of Ni and 

Fe co-doped Zn-based MOFs, delivering a high selectivity at a low overpotential during CO2 RR. 

2) Formation of adjacent NiN4 and HO-FeN4 sites. Based on previous publications, it has been shown 

that the FeN4 active sites with oxygen-containing groups can induce a rapid CO* desorption and suppress the 

competitive HER, resulting in a much better CO2 RR catalytic performance than that of FeN4 sites without axial 

O ligand. However, it is a high challenge to introduce -OH subgroups into FeN4 single atom catalysts due to their 

energetically unstable nature. Herein, by using simple oxygen and nitrogen-rich MOFs as sacrificial templates, 

instead of a simple N-rich ligand, we have successfully introduced in-situ axial bonded -OH subgroups on FeN4 

sites and locate them close to the formed NiN4 sites. 

3) Enhanced CO2 RR activity. The optimized Ni7/Fe3-N-C catalyst showed an exclusive selectivity (a 

maximum FE (CO) of 98 %) at a low overpotential of 390 mV vs. RHE, which is better than those of previous 

reported Fe-based and Ni-based SACs (Figure 1) and other state-of-the-art double-atom catalysts (Figure 2). 

4) Computational insights unveiling the detailed reaction mechanism. Via DFT calculations, we have 
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proved that regulating the catalytic CO2 RR performance via adjacent Ni and Fe active sites in a bimetallic 

Ni/Fe-N-C catalyst can potentially break the activity benchmark of single metal counterparts because the 

neighboring Ni and Fe active sites not only function in synergy to decrease the reaction barrier for the formation 

of COOH* and desorption of CO* in comparison to their single metal counterparts, but also prevent the 

undesired hydrogen evolution reaction (HER). 

Overall, we believe this work will be of interest to the general Energy & Environmental Science audience 

as it opens a new field for the development of high-performance catalysts with adjacent double-metal single 

atoms to regulate the binding energy of different intermediates during the adsorption and desorption processes, 

thus, influencing different reaction steps over two active sites towards CO2 RR to achieve excellent catalytic 

performances. Thank you very much in advance for considering the present manuscript. 

 

Yours sincerely, 

Prof. Dr. Jordi Arbiol

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 1. Faradaic Efficiency (CO) of the reported 
Fe-based and Ni-based single atom electrocatalysts 
for CO2 electroreduction. 
 

 
 
 
 
 
 
 
 
Figure 2. Faradaic Efficiency (CO) of the reported 
double-atom electrocatalysts for CO2 
electroreduction.
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Broader Context  

Electrochemical conversion of CO2 powered by renewable energy to useful 

feedstocks is considered as an elegant solution to achieve the carbon cycle. Previous 

research has shown that transition metal-nitrogen-carbon (M-N-C) based materials are 

one of the most high-efficient electrocatalysts to transfer CO2 to CO, bridging the gap 

between homogenous and heterogenous catalysts. Nevertheless, the electrocatalytic 

efficiencies of M-N-C based catalysts are significantly influenced by the selected 

transition metal (M). Typically, faradaic efficiency (FE) of most of Fe-N-C catalysts 

is less than 80 %, while almost all Ni-N-C catalysts have shown a high FE(CO) > 

90 %. However, compared to Fe-N-C materials, those based on Ni-N-C normally 

exhibit higher overpotential, which represents higher driving force needed in the 

reaction, and thus, higher energy consumption. Considering both selectivity and 

activity, it is thus a huge challenge for single metal catalysts to achieve high FE(CO), 

while maintaining a low overpotential, which are the conditions essentially required 

for practical applications. In light of this, we have developed a quasi-double-star 

catalyst composed of nickel and iron single atom active sites, which not only 

significantly obtains an excellent FE(CO) but also maintains a low overpotential. This 

work opens a new way of employing the catalysts with adjacent double-metal single 

atoms to regulate the local environment between two active sites to achieve excellent 

catalytic performances.  
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