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A B S T R A C T   

Single-atom catalysts (SACs) have aroused extensive attention due to their ultrahigh activity and selectivity. 
However, precisely regulating and designing the coordination microenvironment of SACs to optimize the cata
lytic efficiency remains a great challenge. Here, a facile ionic liquid (IL) modification strategy is creatively 
proposed to obtain N and P dual-coordinated Fe single atoms with N unsaturated coordination on pre-designed 
FeSAC-N4/C sites. The using a hydrophobic IL can alter the binding affinity of O2, maintain a higher O2 con
centration at the catalyst interface, and protect Fe single atom sites from surface oxidation and methanol toxicity. 
Theoretical calculation indicates that this unique coordination and the N vacancy can tailor the electronic 
structure of the metal atoms and alter the charge distribution at the coordination structures, thus improving the 
oxygen reduction reaction performance. This study offers an effective approach for accurately controlling the 
coordination electronic structure and interface environment of SACs at room temperature.   

1. Introduction 

Single-atom catalysts have proved to be the most effective candidates 
for driving oxygen reduction reactions (ORR) in fuel cells and metal-air 
batteries because of their maximum atomic utilization and high elec
trocatalytic activity [1–4]. M-N-C synthesized by metal-organic frame
works (MOFs) have customizable and well-defined structures that offer 
unique advantages in precisely constructing the desired materials [5–7]. 
To date, MOFs-derived SACs have received extensive attention. How
ever, due to the limitations in electrocatalytic activity and stability, 
further commercial applications of SACs are still difficult [8–10]. 
Therefore, improving the activity and stability of SACs through rational 
design and structural regulation has become a research hotspot. 

The SACs are stabilized through coordination interactions with the 
support. Therefore, from the perspective of coordination chemistry, 
modulating the local coordination environment is a sensible tactic to 
improve the ORR property [11,12]. Tuning the number and type of 
coordination atoms can greatly change the electronic and geometric 

structure of the active metal centers in SACs [13,14]. Some recent 
studies have shown that the symmetric plane and saturated coordination 
structure are detrimental to the adsorption and activation of 
ORR-related catalysts, consequently limiting the ORR kinetics and 
active [15]. Introducing heteroatoms (P, S etc.) with different atomic 
radius and electronegativity in the center of the active metal can 
modulate the coordination atomistic structure, which is a clever method 
to destroy the symmetry of electronic density [16,17]. Strategies used so 
far are almost limited to the one-step pyrolysis of targeted 
heteroatoms-doped MOF precursors, and the doped heteroatom may 
interfere the formation of SAC. At the same time, the long-term pyrolysis 
process leads to the loss of N content, and the complex synthesis pa
rameters, such as pyrolysis temperature, metal loading, seriously limit 
the flexibility and versatility of this strategy [18,19]. Although greatly 
diligently have been devoted to control the microenvironmental struc
ture of SACs by introducing heteroatoms, there is still a lack of reason
able guidance for achieving accurate coordination numbers without 
interfering with the formation of single atoms. 
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In addition, modulating the hydrophobic/hydrophilic microenvi
ronment of SACs can alter the binding affinity of O2, biasing a higher O2 
to concentrate at the catalyst surface, thus increasing O2 residence time 
and trial frequency of ORR [20]. Combined with DFT and Poisson 
Boltzmann calculations, Jinnouchi et al. proposed that the interface 
water itself may lead to the blockage of the active site of the catalyst 
[21]. And increasing the hydrophobicity of the catalytic material surface 

would protect active sites by repelling water molecules from the product 
and aqueous electrolyte [22]. Therefore, it is highly desired to develop 
an effective heteroatom introduction approach to accurately control the 
coordination structure of single-atom metal, while optimizing the 
interface microenvironment to create a hydrophobic surface. 

ILs are a type of room-temperature molten organic salts with 
extremely low vapor pressure, high stability, and strong solvency, which 

Fig. 1. a) Schematic illustration of the synthetic strategy for the Co@FeSAC-N2P/C; SEM images of b) Co@FeSAC-N4/C, c) Co@FeSAC-N2P/C; d-e) HAADF-STEM 
images of Co@FeSAC-N2P/C; f) HAADF-STEM and elemental mapping of Co@FeSAC-N2P/C; g-h) N2 adsorption-desorption isotherms and the corresponding pore 
size distribution; static water contact angle of Co@FeSAC-N4/C immersed in different contents of IL i) 0 mg, j) 40 mg, and k) 70 mg. 
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can provide more heteroatoms (N, P, F, and B) and create hydrophobic 
microenvironment at catalyst surfaces [23]. Herein, we creatively put 
forward a facile approach, by immersing Co@FeSAC-N4/C into a hy
drophobic IL ([BMIM]PF6) (1-butyl-3-methylimidazolium hexa
fluorophosphate), to achieve Co@FeSAC-N2P/C mixed unsaturated 
coordination structure. This approach achieves the function of regu
lating the coordination environment and hydrophobicity of the SAC 
simultaneously, without disturbing the formation of SACs. The incor
poration of P and N unsaturated coordination can tailor the electronic 
structure of the metal atoms and alter the charge distribution at the 
coordination structures, thus improving the oxygen reduction reaction 
performance [24,25]. More importantly, the hydrophobic surface can 
maintain a higher O2 concentration at the catalyst interface, and owing 
to the protection by the hydrophobic surface, the active sites of SACs are 
not in direct contact with the alkaline solution, effectively repelling the 
toxicity of methanol and the water during ORR. As a result, by intro
ducing [BMIM]PF6 to Co@FeSAC-N4/C catalyst, a significant improve
ment has been gained in the ORR performance. The optimized 
Co@FeSAC-N2P/C shows an outstanding ORR activity with a half-wave 
potential of 0.92 V and a long stability with 40,000 cycles, exceeding 
that of the Pt/C and most non-precious metal ORR electrocatalysts. 
Furthermore, the Zn-air battery assembled by Co@FeSAC-N2P/C catalyst 
delivers a higher power density of 179 mW⋅cm− 2, which is much higher 
than Pt/C+IrO2 (116 mW⋅cm− 2). Density functional theory (DFT) in
dicates that Fe atomic sites coordinated by N and P atoms (Fe-N2P) and 
N unsaturated coordination (N vacancy) are preferable to the formation 
of OOH* , resulting in fast reaction kinetics and good ORR efficiency. 
This study provides a convenient and effective approach for accurately 
controlling coordination electronic structure and interface environment 
of SACs and optimizing ORR performance. 

2. Experimental section 

2.1. Synthesis of ZIF-67 and CoFe-MOF 

In a typical synthesis of ZIF-67, Co(NO3)2⋅6H2O (7.5 mmol, 2.184 g) 
and 2-methylimidazole (60 mmol, 4.926 g) were dissolved in 40 mL 
methanol. Then, two solutions were mixed with vigorous stirring for 3 
min at room temperature. The as-prepared purple precipitate was 
washed with methanol three times and dried at 50 ◦C. CoFe-MOF was 
synthesized with the same procedure of ZIF-67 except that the extra 
ferrocene (3 mmol, 0.558 mg) was added. 

2.2. Synthesis of Co@N-C and Co@FeSAC-N4/C 

The Co@N-C and Co@FeSAC-N4/C catalysts were obtained by sin
tering the ZIF-67 and CoFe-MOF powder to 800 ◦C in a quartz tube 
furnace under N2 at a heating rate of 5 ◦C⋅min− 1 and keeping at this 
temperature for 2 h, respectively. 

2.3. Synthesis of IL-modified Co@FeSAC-N4/C catalysts (Co@FeSAC-N2P/ 
C) 

70 mg [BMIM]PF6 was diluted with deionized water to make IL so
lution. The Co@FeSAC-N4/C catalyst was added into IL solution and ul
trasonic bath was conducted for 10 min to ensure the uniform dispersion 
of the Co@FeSAC-N4/C. Then, the mixed slurries were kept at room 
temperature for 8 h. And, the sample was collected by centrifuging, 
washed several times with distilled water and ethanol, and dried at 50 ◦C 
under vacuum, finally affording Co@FeSAC-N2P/C sample. 

2.4. Electrochemical measurements 

All electrochemical and electrocatalytic tests were conducted on a 
CHI760E (Shanghai, China) electrochemical workstation in a three- 
electrode configuration. The rotating disk electrode (RDE) loading the 

catalyst ink (3 μL) was used as the working electrode, new saturated 
calomel electrode as the reference electrode and carbon rod as the 
counter electrode, respectively. To prepare catalyst inks, 5 mg catalyst 
was ultrasonically dispersed in 500 μL water + ethanol (1:1) and 20 μL 5 
wt% Nafion solution for 30 min to form a homogeneous ink (0.01 mg/ 
μL). Then, 3 μL of the ink was dropped on the surface of the rotating disk 
electrode and dried at room temperature naturally. The linear sweep 
voltammetry (LSV) polarization curves were performed at − 0.9 and 0.2 
V (vs RHE) in O2-saturated 0.1 M KOH solution at the scan rate of 5 
mV⋅s− 1 with different rotating rates (400–2500 rpm). The H2O2 yield 
and the electron transfer number (n) was obtained by RRDE 
measurements. 

2.5. Zinc–air battery tests 

The zinc-air battery was assembled with the Zn foil, Co@FeSAC-N2P/ 
C loading carbon paper, and 6 M KOH aqueous solutions were used as 
the anode, cathode, and the electrolyte, respectively. The as-prepared 
catalyst (20 mg) was ultrasonically dispersed in water + ethanol 
(1000 μL) containing Nafion solution (20 μL) for 6 h. The catalyst ink 
was then drop-casted on the carbon paper (2 cm2) with a catalyst 
loading of 0.5 mg⋅cm− 2. At a current density of 5.0 mA⋅cm− 2, the sta
bility of constant current charge-discharge cycles of Co@FeSAC-N2P/C 
was measured in a LAND system. The polarization curves of the 
assembled zinc-air cell were recorded using LSV on the electrochemical 
platform CHI760E. 

3. Results and discussion 

3.1. Structure characterization 

Fig. 1a schematically illustrates the synthetic procedure of Co@Fe
SAC-N2P/C. In brief, the CoFe-MOF precursors were prepared by mixing 
solution of ferrocene, Co2+, and 2-methylimidazole in methanol. After 
pyrolysis of CoFe-MOF under N2 at 800 ◦C, typical Fe-N4/C SACs ma
terials with Co nanoparticles exposed on the surface of dodecahedron 
were obtained (Co@FeSAC-N4/C). Further, Co@FeSAC-N4-C catalysts 
were immersed into ILs to obtain Co@FeSAC-N2P/C mixed unsaturated 
coordination catalyst. The morphology of the obtained catalysts was 
characterized by scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). In the mixed methanol solution of Co2+ and 
2-methylimidazole, the Co-MOF of regular dodecahedron with the size 
of ~ 1 µm is formed (Fig. S1a). After the addition of ferrocene, the 
resulting morphology of CoFe-MOF is almost the same as the Co-MOF 
(Fig. S1b). Upon pyrolysis of CoFe-MOF at 800 ◦C, Co@FeSAC-N4/C re
tains the initial polyhedral shape, while the surface becomes rougher 
with the presence of obvious nanoparticles (Fig. 1b). After immersing 
Co@FeSAC-N4/C catalyst into a hydrophobic IL, the morphology of 
Co@FeSAC-N2P/C remains basically unchanged, indicating that the 
modification of IL does not change the morphology of catalyst (Fig. 1c). 
The TEM images further reveal the polyhedral morphology and the 
uniform dispersion of Co nanoparticles of Co@FeSAC-N2P/C (Fig. S2a–c). 
The HRTEM of Co@FeSAC-N2P/C images exhibit clear-defined lattice 
fringes with D-spacings of 0.21 nm, pointing to the (111) planes of the Co 
(Figs. S2d, 1d). As shown in the HAADF-STEM image of Co@FeSAC-N2P/ 
C (Fig. 1d–e), high density isolated bright dots associated with single Fe 
atoms (highlighted in yellow boxes) are obviously observed around the 
Co nanoparticles and evenly dispersed on the carbon layer. Elemental 
Mapping of Co@FeSAC-N2P/C reveals the homogeneous dispersion of Co, 
Fe, N, P, and C. The existence of P indicates the uniform adsorption of IL 
into the Co@FeSAC-N2P/C carbon matrix (Fig. 1f). On the basis of N2 
sorption isotherms, BET surface area of Co@N-C and Co@FeSAC-N4/C 
are 345 and 295 m2⋅g− 1, respectively (Fig. 1g). The pore sizes are 
distributed at 38 and 21 nm, respectively, suggesting a mesoporous 
structure for both Co@N-C and Co@FeSAC-N4/C (Fig. 1h). The decrease 
of surface area for Co@FeSAC-N4/C indicates the ferrocene is filling the 
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cavity of the Co@N-C [26]. The water contact angle of Co@FeSAC-N4/C 
and Co@FeSAC-N2P/C catalysts were measured to verify the changes in 
the hydrophilicity and hydrophobicity of the catalyst surfaces. The 
Fig. 1i–k show that the surface of the Co@FeSAC-N4/C is completely wet 
with water, while Co@FeSAC-N4/C immersion in 70 mg IL is the most 
hydrophobic, indicating that IL modification can cause the hydropho
bicity change on the surface of Co@FeSAC-N4/C. 

The X-ray diffraction (XRD) patterns of Co@FeSAC-N4/C and 
different amounts of IL-modified Co@FeSAC-N2P/C samples are given in 
Fig. S3c–d. The diffraction peaks at 44.2◦, 51.6◦, and 75.9◦ can be 
accurately indexed into (111), (200), and (220) planes of Co 
(JCPDS#15–0806) (Fig. S3d). The other peak located at 26.0◦ accorded 
to (002) plane of C (JCPDS#41–1487) and without Fe-containing crys
talline phases can be observed. At the same time, no trace of phase 
separation or other new phases are found after IL modification, which is 
in accord with the above TEM analysis (Fig. S3c). 

In addition, the chemical composition and state atomic structures 
were investigated by X-ray photoelectron spectroscopy (XPS). The high- 
resolution Co 2p of Co@FeSAC-N2P/C shows two peaks located at around 
778.3 and 794.4 eV, corresponding to Co 2p3/2 and Co 2p1/2 peaks of 
Co0 in the sample (Fig. S4a) [27]. The other peaks located at 780.5 eV 
and 797.1 eV are attributed to the 2p3/2 and 2p1/2 of Co2+ species 
(Fig. S4a) [28]. For XPS spectra of Fe 2p, the peaks at 713.5 and 
733.3 eV correspond to 2p3/2 and 2p1/2 of Fe2+ species rather than 
metallic states (Fig. S4b) [29]. N 1 s for Co@FeSAC-N2P/C exhibit three 
main peaks: pyridinic-N (398.5 eV), M-N (399.2 eV), and graphitic-N 

(401.1 eV) (Fig. S4d) [30,31]. The binding energies of Fe 2p and M-N 
in Co@FeSAC-N2P/C are positively shifted, compared to that of pristine 
Co@N-C and Co@FeSAC-N4/C. On the contrary, the binding energy of Co 
2p are negatively shifted, indicated that the IL modification can regulate 
the electronic structure of Co nanoparticles and Fe single atoms. And 
there are stronger electron coupling and interaction between Co and Fe 
single atoms [32]. Further, the electron coupling and interfacial electron 
interaction of the catalysts are indicated by ultraviolet photoelectron 
spectroscopy (UPS) (Fig. S4e). The UPS showed that the D-band center of 
Co@FeSAC-N4/C shifted 0.16 eV relative to the Co@N-C because of 
electron transfer from the neighboring Fe atoms to the Co, which also 
indicates a strong electronic effect between Co and Fe single atoms. 

The local structure and atomic state of Co@FeSAC-N4/C and 
Co@FeSAC-N2P/C were further conducted by X-ray absorption spec
troscopy (XAS). The Co K-edge X-ray absorption near-edge structure 
(XANES) spectrum of Co@FeSAC-N4/C and Co@FeSAC-N2P/C overlap 
well with the Co foil, suggesting the valence state of Co is Co0 (Fig. S5a) 
[33]. Co K-edge phase-corrected Fourier transforms EXAFS (FT-EXAFS) 
of Co@FeSAC-N4/C and Co@FeSAC-N2P/C show the main peak at around 
2.44 Å attributed to Co-Co metallic bond, indicating that Co is a metal 
state (Fig. 2a) [34]. The Fe phase-corrected FT-EXAFS spectrum of 
Co@FeSAC-N4/C shows a distance at 1.79 Å, indicating the existence of 
Fe-N coordination (Fig. 2b) [35]. However, after IL modification, the 
FT-EXAFS spectra exhibit two obvious peaks located at 1.78 and 2.22 Å, 
attributing to the nearest Fe-N and Fe-P coordination, indicating the 
existence of two Fe heteroatom bridge sites [36]. Additionally, the lack 

Fig. 2. Phase-corrected Fourier transformed EXAFS k2χ(k) data of a) Co and b) Fe K-edge; c) the scattering path of Co@FeSAC-N2P/C Fe K-edge; d) first derivative of 
Fe K-edge of Co@FeSAC-N2P/C, e) precise oxidation state determination of Co@FeSAC-N2P/C by linear fitting calibration; f) χ(R) space spectra fitting curve of Fe K- 
edge of Co@FeSAC-N2P/C; g) Comparison of Fe K-edge XANES spectra of FeSAC-N2P/C and theoretical XANES spectra calculated with different structural configu
ration; WT-EXAFS plots of h) FePc, i) Co@FeSAC-N4/C, and j) Co@FeSAC-N2P/C. 
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of Fe-Fe characteristic peak (2.46 Å) in Co@FeSAC-N4/C and Co@Fe
SAC-N2P/C indicates that Fe is the isolated single atoms in both two 
samples (Fig. 2b) [37]. In Fig. 2c, the Co@FeSAC-N2P/C exhibits three 
scattering paths of Fe-N, Fe-P, and Fe-C bands. 

The Fe K-edge XANES spectra reveal that the average oxidation state 
of Fe in Co@FeSAC-N4/C closes to FePc, indicating a Fe2+ valence state 
[34]. And the line position (absorption edge) of Co@FeSAC-N2P/C is 
between Fe foil and FePc, demonstrating the valence state of Fe in 
Co@FeSAC-N2P/C is between Fe0 and Fe2+ (Fig. S5b). Furthermore, to 
precisely determine the average oxidation state of Co@FeSAC-N2P/C, the 
first derivative of Fe K-edge of Co@FeSAC-N2P/C and the corresponding 
Fe foil and Fe2O3 references are obtained. Through the linear fitting 
calibration of the corresponding Fe foil (7113.08 eV) and Fe2O3 
(7126.15 eV) references, the average oxidation state of the Co@Fe
SAC-N2P/C (7121.64 eV) is determined to be 1.96 (Fig. 2d–e) [38]. To 
obtain structural parameters of Co@FeSAC-N4/C and Co@FeSAC-N2P/C, 
the least-squares EXAFS fitting analysis are conducted to extract quan
titative structural for the Fe, and the corresponding coordination 
numbers are shown in Table S1 and Table S2. The best-fitting results 
reveal that the Fe in Co@FeSAC-N4/C is coordinated with four N to 
constitute Fe-N4 structure (Fig. S6a–b, Table S1). After IL modification, 
the best-fitting analyses clearly demonstrates that the two peak are 
ascribed to superimposition of Fe-N and Fe-P first-shell coordination 
(Figs. 2f, S6c, Table S2). And the Fe SACs are coordinated with two N 

and one P atoms with the average bond lengths of 2.07 and 2.40 Å, 
respectively, which suggests a single-atom Fe-N2P moiety (Table S2). 
Due to the high sensitivity of XANES spectrum to local coordination 
environment of the absorbing species, the XANES simulation is further 
performed to identify the atomic configuration [39]. The structural 
models under different coordination environments are established by 
DFT calculation, and the corresponding XANES spectra are also calcu
lated (Figs. 2g, S7). And the spectra simulated by the Fe-N2P model 
(Fe-N2P-2) corresponded well to the XANES characteristics in the 
experiment from the above DFT calculations (Fig. 2g blue line, Fig. S7b) 
[39]. However, the other calculated spectra (Fe-N2P-1) are distinctly 
different from the experimental results (Figs. 2g red line, S7a). The 
synergistic results of EXAFS and XANES clearly demonstrated the for
mation of single atoms Fe-N2P moieties with specific configuration in 
the catalyst. In addition, the EXAFS wavelet transform (WT) analysis of 
Co@FeSAC-N2P/C is conducted to directly demonstrate scattering path 
signal for Fe-N and Fe-P bonding, whereas a peak at 4.5 Å− 1 belong to 
Fe-Fe coordination is not detected (Fig. 2h–j). These results further 
confirm that Fe exists in the form of Fe-N and Fe-P coordination in 
Co@FeSAC-N2P/C catalyst. The SACs catalysts were investigated by 
electron paramagnetic resonance (EPR) to identify the unsaturated co
ordination. In Fig. S6d, a paramagnetic absorption signal at g = 2.02 
could be attributed to anion vacancy [40]. Compared with Co@Fe
SAC-N4/C, the signal intensity of Co@FeSAC-N2P/C is increased, 

Fig. 3. a) ORR polarization curves, b) Tafel slope, c) LSV curves of Co@FeSAC-N2P/C before and after 40,000 cycles, d) ORR performance of Co@FeSAC-N2P/C before 
and after the add KSCN, e) Methanol resistance test, f) Peroxide percentage (H2O2%) and the corresponding number of electron transferred, g) The values of Cdl for 
Co@FeSAC-N4/C and Co@FeSAC-N2P/C, and h) Comparison of E1/2 of Co@FeSAC-N2P/C and the previously reported catalysts. 
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indicating that partial N vacancies were generated after IL immersion, 
corresponding to the results of XANES [41]. 

3.2. ORR catalytic performance 

The rotating disk electrode (RDE) technique is employed to evaluate 
the ORR activity of Co@ /N-C, Co@FeSAC-N4/C, Co@FeSAC-N2P/C, and 
Pt/C in O2-saturated 0.1 M KOH. As ferrocene and IL exert great effect 
on the electrocatalytic property of the Co@FeSAC-N4/C, the ORR per
formance of the catalysts synthesized with different amount of ferrocene 
and IL are tested (Fig. S8). As the doping amount of ferrocene and IL is 
3 mmol and 70 mg, respectively, the Co@FeSAC-N2P/C catalyst exhibits 
the optimal activity, as demonstrated by the highest onset and half-wave 
potential (Fig. S8). From Fig. 3a, the Co@FeSAC-N2P/C displays superior 
catalytic activity in terms of highest onset potential (Eonset, 0.97 V) and 
half-wave potential (E1/2, 0.92 V), extremely over than those of Co@ / 
N-C (E1/2 = 0.82 V), Co@FeSAC-N4/C (E1/2 = 0.86 V), Fe-N4 (E1/2 =

0.83 V) (Fig. S9a), and the benchmark Pt/C (E1/2 = 0.85 V), 

respectively. At the same time, the Tafel slope of Co@FeSAC-N2P/C is 
68 mV⋅dec− 1, lower than other contrast samples (Fig. 3b). Moreover, the 
electrochemical stability for the Co@FeSAC-N4/C and Co@FeSAC-N2P/C 
are assessed by CV in 0.1 M KOH. As shown in Fig. 3c, no obvious 
decrease in half-wave potential of Co@FeSAC-N2P/C is observed even 
after 40,000 continuous cycles, while Co@FeSAC-N4/C suffers obvious 
ORR performance degradation (Fig. S9b). After durability tests, the 
morphology of Co@FeSAC-N2P/C sample still remains intact 
(Fig. S10d–f), while the surface of Co@FeSAC-N4/C is seriously corroded 
by strong alkali solution (Fig. S10a–c). The above comparison indicates 
that the unsaturated heteroatom coordination structure and hydropho
bic surface induced by ionic liquid modification can actually improve 
the ORR activity and stability. To further investigate the role of single Fe 
atom active sites in ORR, SCN-ions with strong affinity for Fe species 
were implanted into poison the SAC Fe-N2P sites. Upon the addition of 
KSCN solution into 0.1 M KOH, the ORR performance of Co@FeSAC-N4/ 
C is significantly reduced, clearly manifesting that the single Fe atom 
sites as the main active sites for ORR (Fig. S11) [42]. In addition, the 

Fig. 4. a) Schematic diagram of Zn-air battery, b) charge-discharge polarization curves, and c) power density of Co@FeSAC-N2P/C and Pt/C+RuO2. d) discharge and 
charge cycling performance of Co@FeSAC-N2P/C, e) open-circuit voltage of 1.43 V, and f) the fan powered by a Zn-air battery. g) schematic diagram of different 
coordination environments, and the four-electron transfer process of catalysts. 
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ORR activity remained high after the addition of KSCN, indicating that 
Co substance may also facilitate the ORR property. However, after IL 
modification, the half-wave potential of Co@FeSAC-N2P/C remains un
changed and current density reduce only by 0.24 mA⋅cm− 2 after the 
addition of KSCN (Fig. 3d). The above results show that the hydro
phobically modified catalyst surface can protect the active site of the 
catalyst by repelled H2O and alkaline electrolytes and improve the sta
bility of the sample. The tolerance to methanol is a crucial factor for 
practical applications. As shown in Fig. 3e, Co@FeSAC-N2P/C shows well 
methanol resistance compared to the Pt/C after methanol injection. The 
ORR pathway of Co@FeSAC-N2P/C is evaluated by the RRDE measure
ments (Fig. S12). The yield of H2O2 for Co@FeSAC-N2P/C is about ~ 3%. 
The value of double-layer capacitance Correspondingly, Co@Fe
SAC-N2P/C has a 4e reaction process with n = ~ 4 (Fig. 3f) [43,44]. The 
value of double-layer capacitance (Cdl) is found to be 15 mF⋅cm− 2 for 
Co@FeSAC-N2P/C, higher than that of Co@FeSAC-N4/C (5 mF⋅cm− 2), 
indicating the existence of N, P synergistic coordinated Fe single atom 
facilitates to increase the electrochemically active surface area (ESCA) 
(Fig. S14 and Fig. 3g). Furthermore, the ORR activity of Co@Fe
SAC-N2P/C is comparable to those of various Fe/Co-Nx-C, Cu-N4/C, and 
Fe-Nx-C in alkaline media, as listed in Fig. 3h and Table S3, exceeding 

that of the commercial Pt/C catalyst and almost all non-precious ORR 
electrocatalysts. 

3.3. Application of electrocatalyst in zinc-air battery 

To demonstrate the practical application of Co@FeSAC-N2P/C elec
trocatalysts in energy conversion devices, the Zn-air battery (ZABs) was 
constructed using Co@FeSAC-N2P/C coated on carbon paper as air 
cathode, purity Zinc foil as the anode, and 6 M KOH as the electrolytes 
(Fig. 4a) [45,46]. According to the discharge polarization curves 
(Fig. 4b), the power density of Co@FeSAC-N2P/C delivers a larger power 
density of 179 mW⋅cm− 2, which is much higher than Pt/C+IrO2 
(116 mW⋅cm− 2) (Fig. 4c). Furthermore, an open-circuit voltage of 
1.43 V (Fig. 4e), which can power the electric fan to rotate rapidly 
(Fig. 4f). Strikingly, this battery based on Co@FeSAC-N2P/C exhibits 
outstanding stability, as evidenced by more than 165 h (330 cycles) at 
5.0 mA⋅cm− 2 without obvious performance decay (Fig. 4d). Fig. 4g 
shows the reaction mechanism and four-electron transfer process of the 
catalyst. 

Fig. 5. The configurations of the adsorbed intermediates on a) FeSAC-N4, b) Co@FeSAC-N4, and c) Co@FeSAC-N2P; d-f) Gibbs free energy change diagram of Fe-N4, 
Co@FeSAC-N4, and Co@FeSAC-N2P; g-i) the calculated charge density distribution of FeSAC-N4, Co@FeSAC-N4, and Co@FeSAC-N2P, respectively. 

J. Sun et al.                                                                                                                                                                                                                                      



Applied Catalysis B: Environmental 313 (2022) 121429

8

3.4. DFT calculations 

To gain the origin of the excellent ORR activity and kinetics of 
Co@FeSAC-N2P/C, the DFT calculations were implemented for the ORR 
mechanism of bare FeSAC-N4, Co@FeSAC-N4, and Co@FeSAC-N2P. In 
alkaline media, For ORR, the change of Gibbs free energy (G) of 
adsorbed intermediates (*O, *OH, *OOH) are closely related to the ac
tivity of the electrocatalyst [47,48]. The ORR processes and the opti
mized configuration involved in the intermediate in the FeSAC-N4, 
Co@FeSAC-N4, and Co@FeSAC-N2P have been shown in Fig. 5a–c. 
Fig. 5d–f exhibits the Gibbs free energies (eV) for each reaction in
termediates (*O, *OH, and *OOH) in ORR. The calculation indicates that 
all four elementary reaction pathways on FeSAC-N4, Co@FeSAC-N4, and 
Co@FeSAC-N2P showed consistent downhill, corroborating exothermic 
reactions in ORR. Among of the four processes, the one with the smallest 
Gibbs free energy change ΔG is the rate-limited step, which is the 
rate-determining step for ORR [49,50]. The smallest ΔG4 of the last 
electron transfer step (*OH + e− → * + OH− ) is the rate-limiting step, 
where the ΔG4 values are calculated to be 0.037 V (FeSAC-N4), 0.33 V 
(Co@FeSAC-N4), and 0.37 V (Co@FeSAC-N2P), suggesting that the ORR 
activities increase in the order of: FeSAC-N4 < Co@FeSAC-N4 
< Co@FeSAC-N2P. This is consistent with the experimental results. The 
structural diagrams in Fig. 5b and c show strong electron coupling be
tween Co nanoparticles and carbon material, which facilitates electron 
transfer from Co nanoparticles to carbon material. Furthermore, the 
biggest energy change values of Co@FeSAC-N2P was the second electron 
transfer step of *OOH + e− → *O + OH− with the ΔG2 = 2.48 eV. In 
addition, overpotential (η) is a key index parameter to evaluate the ORR 
performance of electrocatalysts, which can be calculated using the 

formula of η = 1.23[V] - min[ΔGi]/e, and ΔGi is the minimum Gibbs 
free energy differences [51,52]. Therefore, the overpotential on 
Co@FeSAC-N2P is 0.86 V, lower than that of 0.90 V of Co@FeSAC-N4 and 
1.19 V of FeSAC-N4, respectively. Therefore, compared with FeSAC-N4 
and Co@FeSAC-N4, the electronic structure of the Co@FeSAC-N2P catalyst 
has a significant influence on the rate-determining step for ORR. The 
differential charge density of Fe-N4, Co@FeSAC-N4, and Co@FeSAC-N2P 
were also computed (Fig. 5g–i). The yellow and wathet blue regions 
represent electrons gained and electrons lost, respectively. Electron 
density difference analysis reveals an effective electron transfer from N 
vacancy to Fe. The N vacancy in Co@FeSAC-N2P is an electron donor 
(yellow region), which can donate electrons to the neighboring Fe atom. 
The N vacancy can tailor the electronic structure of the metal atoms and 
alter the charge distribution at the coordination structures, leading to 
higher electron density around Fe active sites [53–55]. This means that 
the valence of Fe in Co@FeSAC-N2P is lower than that in Co@FeSAC-N4, 
which is consistent well with XANES experimental results. Particularly, 
the unsaturated coordination (N vacancy), the coordination states of P 
atoms, and the strong electron coupling between Co and carbon material 
play critical roles in reducing the reaction barrier, and promotes the 
ORR dynamics. 

The as-prepared Co@FeSAC-N2P/C catalyst exhibits superior ORR 
activity and long-term durability, which maybe attribute the following 
aspects: (1) The construction of Fe-N2P unsaturated coordination 
structure can break the symmetry of electronic density, thus speeding up 
the ORR kinetics and performance. (2) The hydrophobic surface can 
maintain a higher O2 concentration at the catalyst interface, which can 
increase residence time and trial frequency of ORR and enhance the 
activity. (3) Modifying the catalyst surface to be hydrophobic can 

Scheme 1. Schematic diagram of catalytic performance over Co@FeSAC-N2P/C.  
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protect the active site of the catalyst by repelled H2O and alkaline 
electrolytes and improve the stability of the sample. (4) The N vacancy 
caused by Co@FeSAC-N2P/C mixed unsaturated coordination can 
accelerate electron transfer, thus enhanced ORR performance (Scheme 
1). 

4. Conclusion 

In conclusion, we have developed a facile ionic liquid modification 
strategy to obtain Co@FeSAC-N2P/C mixed unsaturated coordination, 
achieving the function of regulating the coordination environment and 
hydrophobicity of the Co@FeSAC-N4/C catalyst simultaneously. This 
approach also averts the complex changes in the previous long-term 
pyrolysis method. The Co@FeSAC-N2P/C with unsaturated coordina
tion and hydrophobic surface exhibits superior ORR performance with a 
half-wave potential of 0.92 V and a long stability with 40,000 cycles, 
exceeding that of the commercial Pt/C catalyst and almost all non- 
precious ORR electrocatalysts. This study provides a convenient and 
effective approach for accurately controlling the coordination electronic 
structure and interface environment of SACs and optimizing ORR per
formance at room temperature. 
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