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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• One Zn-based pillar-layer MOF nano
sheet is easily achieved by its restricted 
axial growth. 

• Iron phthalocyanines could be firmly 
immobilized into MOF-derived porous 
Ndoped carbons. 

• The optimal catalyst of FePc@NC-1000 
shows high oxygen reduction activity 
and durability.  
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A B S T R A C T   

Functional carbon nanomaterials play a crucial role in the cathodic oxygen reduction reaction (ORR) for sus
tainable fuel cells and metal-air batteries. In this study, we propose an effective approach to immobilize iron 
phthalocyanines (FePc) by employing a porous N-doped carbon material, denoted as NC-1000, derived from a 
sheet-shaped coordination polymer. The resulting NC-1000 possesses substantial porosity and abundant pore 
defects. The nitrogen sites within NC-1000 not only facilitate FePc adsorption but also optimize the electron 
distribution at the Fe-N site. 

The FePc@NC-1000 composite material exhibits a significant number of active centers in the form of Fe-N4 
moieties, showcasing satisfactory ORR activity. Specifically, it demonstrates an onset potential of 0.99 V, a 
positive half-wave potential of 0.86 V, a large limiting current of 5.96 mA cm− 2, and a small Tafel slope of 44.41 
mV dec-1. Additionally, theoretical calculations and experimental results confirm the favorable performance and 
durability of zinc-air batteries assembled using FePc@NC-1000, thereby highlighting their considerable po
tential for practical applications. Overall, this study provides a comprehensive exploration of the enhanced 
catalytic performance and increased stability of metal–organic framework-derived functional carbon nano
materials as cost-effective, efficient, and stable catalysts for the ORR.   
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1. Introduction 

With the rapid development of modern human society, addressing 
the growing energy demand has become imperative [1,2]. However, the 
excessive use of fossil fuels has resulted in the generation of substantial 
greenhouse gases, posing significant threats to the environment and 
human health [3]. In the context of China’s high-quality development 
direction and “dual carbon” goals, there is vast potential for clean en
ergy conversion and storage technologies. The urgent need to harness 
green renewable energy to alleviate energy shortages and environ
mental pollution has become increasingly apparent. In recent years, 
hydrogen–oxygen fuel cells and secondary batteries have emerged as 
viable solutions [4–6]. However, the oxygen reduction reaction (ORR), 
which is inherent to these energy conversion systems, exhibits sluggish 
4-electron transport on the cathode. Platinum (Pt)-based nanomaterials 
have been considered the best catalysts for the ORR nonetheless, their 
scarcity and poor stability hinder widespread applications [7,8]. 
Therefore, there is a growing interest in the development of low-cost, 
high-performance, and durable non-Pt catalysts. 

Microporous metal–organic frameworks (MOFs), comprising inor
ganic metals and organic ligands, have been extensively explored for the 
fabrication of various ORR catalysts [9–11]. Due to their high carbon 
content, MOF materials have emerged as promising precursors for cost- 
effective carbon-based catalysts [12,13]. These MOF derivatives exhibit 
excellent physicochemical properties, owing to their high porosity, 
unique nanostructures, tunable morphologies, and abundant active 
species. Although researchers have achieved effective control over the 
formation of hierarchical pores in MOF-derived carbon nanomaterials, 
the synthesis process remains challenging. The pyrolysis of Zn-based 
MOFs offers a facile approach to obtain porous carbons, as Zn species 
have a low boiling point [14]. Therefore, the exploration of simplified 
surface modifications to achieve the desired structure and morphology 
of MOF derivatives, resulting in pores with increased active sites for the 
ORR, holds significant value. 

Atomically dispersed Fe-Nx sites have been identified as efficient 
catalysts for the ORR [15,16]. In particular, molecular metal phthalo
cyanine (MPc) exhibits attractive properties due to its tunable electronic 
structure and compatibility with various substrates [17,18]. However, 
the plane-symmetric structure of MPc hinders the favorable distribution 
of electrons around the metal center, thus affecting reactant adsorption 
[19]. Moreover, the active site’s central metal atom tends to separate 
from the MPc during catalytic operations, leading to poor electro
chemical stability [20]. Hence, the introduction of MPc species into 

porous N-doped carbon substrates represents an effective strategy to 
overcome these limitations, as it disrupts the electron symmetry distri
bution at the metal sites and facilitates reactant binding, thereby 
enhancing MPc stability [21]. Consequently, the rational design and 
facile preparation of MOF-derived carbon nanomaterials capable of 
effectively encapsulating MPc molecules for efficient ORR catalysis 
present a significant challenge. 

Herein, a zinc-based pillar-layer coordination polymer with N-con
taining linkers and a hexagonal morphology was thermally transformed 
into N-doped carbon, serving as a host matrix for anchoring iron 
phthalocyanines (FePc) (Scheme 1). Firstly, sheet-shaped 
Zn2(BDC)2DABCO was obtained, with its axial growth being 
restricted. Subsequently, the resulting MOF nanosheets were subjected 
to pyrolysis at 1000 ◦C, resulting in the formation of porous N-doped 
carbon (NC-1000) with large pores, abundant defects, and appropriate 
graphitization. Finally, FePc was effectively confined within the MOF- 
derived porous N-doped carbon through Fe-N interactions and π-π 
stacking, leading to the formation of the final product of FePc@NC- 
1000. The obtained FePc@NC-1000 exhibited favorable chemical sta
bility, high conductivity, and efficient catalytic activity for the ORR in 
zinc-air batteries (ZABs), demonstrating performance comparable to 
that of commercial 20% Pt/C. 

2. Experimental section 

2.1. Materials 

All chemicals and reagents are of analytical grade and obtained 
commercially without further purification. Zinc acetate (Zn 
(CH3COO)2⋅2H2O), triethylenediamine (DABCO), 1,4-dicarboxyben
zene (H2BDC) N,N-Dimethylformamide (DMF), FePc, distilled water, 
20 wt% Pt/C, and 5 wt% Nafion ionomer solution were obtained from 
Johnson Matthey Fuel Cells NA and DuPont, USA, respectively. Pure 
argon was used in the experiments. 

2.2. Synthesis of Zn2(BDC)2DABCO 

Firstly, 29.4 mg (0.16 mM) Zn(CH3COO)2⋅2H2O, 31.1 mg (0.16 mM) 
H2BDC, and 9.5 mg (0.08 mM) DABCO were dispersed in 5 ml DMF and 
transferred to a 25 ml vial. The vial was placed in an oven at 85 ◦C for 
three hours at 800 rpm. Finally, it was centrifuged, washed with DMF, 
and dried at 80 ◦C overnight. Zn2(BDC)2DABCO was obtained as a white 
powder. 

Scheme 1. The synthesis route to produce efficient ORR electrocatalyst of the FePc@NC-T series.  
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2.3. Synthesis of NC-600/800/1000 

The synthesized Zn2(BDC)2DABCO was placed in an open quartz 
protective tube. The open tube was then inserted into a CVD tube 
furnace. Finally, the samples were calcined at 600/800/1000 ◦C for 2 h 
with a heating rate of 10 ◦C min− 1 under an Ar atmosphere to obtain NC- 
600/800/1000. 

2.4. Synthesis of FePc@NC-600/800/1000 

FePc (5 mg) and NC-600/800/1000 (10 mg) were combined in 5 ml 
DMF and stirred overnight. Finally, the mixture was centrifuged, washed 
with DMF, and dried overnight at 80 ◦C. FePc@NC-600/800/1000 was 
obtained as a black powder. 

3. Results and discussion 

As shown in Fig. 1a, Zn2(BDC)2DABCO nanosheets were synthesized 
using H2BDC, DABCO as organic ligands, and Zn(II) ions as metal nodes 
(Fig. S1a, Table S1) [22]. Initially, the 2D square-grid of {Zn2(BDC)2}n 
was formed by Zn paddle-wheel secondary building units and deproto
nated BDC2- linkers (Fig. S1b). Subsequently, the terminal sites of the Zn 
paddle wheels were further extended into a 3D network by bridging 
DABCO pillars (Fig. S1c and S1d). The powder X-ray diffraction (PXRD) 
pattern of the pristine MOFs exhibited consistency with the simulated 
pattern [22], indicating their high crystallinity and purity (Fig. 1b). The 
four discernible diffraction peaks at 8.30◦, 9.18◦, 11.74◦, and 12.38◦

were indexed to the (100), (001), (110), and (101) crystal planes, 
respectively. The resulting MOF samples contained ultrathin nanosheets 
(Fig. 1b inset, S2 and S3). Atomic force microscopy (AFM) is generally 
used to measure the thicknesses of 2D materials. The AFM results 
demonstrated that the obtained Zn2(BDC)2DABCO possessed an ultra
thin morphology (Fig. S3) with an average thickness of 100–150 nm. 
The SEM images of Zn2(BDC)2DABCO from various angles (Fig. S2, side 
view) confirmed the ultrathin morphology consistent with the AFM 
profiles. Fig. 1c exhibited type-IV N2 isotherms, indicating the presence 

of micro/mesopores, in line with the pore size distribution curve 
(Fig. S4). However, the N2 adsorption capacity was relatively low due to 
the lack of coordination between the inorganic metal nodes in the MOFs 
and the organic ligands, resulting in an unsaturated coordination 
number. Nevertheless, some solvent molecules (e.g., H2O, DMF, DMA, 
ethanol, and methanol) coordinated with the inorganic nodes, achieving 
a saturated coordination number. Solvent molecules with high boiling 
points, such as DMF and DMA, pose challenges during the desolvation 
process as they could not be easily removed from the MOF samples [23]. 
MOFs exhibit high porosity and are capable of encapsulating solvent 
molecules (e.g., H2O). However, when solvents with high boiling points 
are present, their removal during the drying process becomes difficult 
[24], leading to a decrease in MOF porosity and subsequently lower 
adsorption. The thermogravimetric analysis (TGA) in Fig. 1d revealed 
that the initial weight loss rate reached 21% at 400 ◦C, while the main 
framework gradually decomposed, resulting in a mass retention of 37% 
at 500 ◦C. 

The MOF nanosheets obtained were subjected to pyrolysis under an 
Ar atmosphere to facilitate the anchoring of FePc molecules (Fig. 2a). 
The N-doped carbon nanomaterial of NC-T was prepared by pyrolyzing 
Zn2(BDC)2DABCO at different temperatures. The SEM images (Fig. 2b 
and S5) revealed a gradual deterioration in the morphology of the MOF 
precursor with increasing temperature.The size of NC-T decreases pro
gressively, and its morphology becomes more irregular. Simultaneously, 
the zinc species gradually evaporate as the temperature rises. Subse
quently, the pyrolyzed NC-T series was immersed in a FePc solution and 
firmly fixed on a carbon skeleton through Fe-N interaction and π-π 
stacking to prepare FePc@NC-T. High-resolution transmission electron 
microscopy (HR-TEM) images in Fig. 2c and S6 showed an amorphous 
material with short-range ordered carbons, whereas the derived 
FePc@NC-1000 retained its initial morphology and nanostructure 
(Fig. 2f and S7). Moreover, single-atom Fe species were observed in the 
aberration-corrected high-angle annular dark-field scanning TEM (AC- 
HAADF-STEM) images of FePc@NC-1000 in Fig. 2g and S8. This sug
gests that the FePc molecules were well-dispersed throughout the hier
archical pores of the MOF-derived carbon materials. Furthermore, 

Fig. 1. (a) The schematic route to obtain ultrathin MOFs. (b) PXRD patterns, (c) N2 isotherm curves (the inset is the topological structure containing DMF), (d) TGA 
profile of Zn2(BDC)2DABCO. 
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comparative analysis of energy-dispersive X-ray spectroscopy (EDS), 
HAADF-STEM, and the corresponding elemental mapping images 
demonstrated the uniform doping of Fe and N across the entire 
FePc@NC-1000, without any apparent aggregation of Fe nanoparticles 
(Fig. 2d-e, h-i)). The atomic percentages of NC-T and FePc@NC-1000 
indicate a slight increase in the iron and nitrogen components in 
FePc@NC-1000 after soaking, confirming the successful introduction of 
FePc molecules into NC-1000 (Table S2). 

The phases and pore structures of the obtained MOF-derived nano
composites were investigated. The PXRD patterns of NC-600/-800 and 
their FePc-loaded derivatives revealed three peaks at 31.77◦, 34.42◦, 
and 36.26◦ for the (100), (002), and (101) planes of ZnO, respectively 
(Fig. 3a, S9) [25]. However, ZnO was not detected in bothNC-1000 and 
FePc@NC-1000, indicating the formation of large pores and abundant 
N sites for effective FePc anchoring. FePc@NC-1000 exhibited a broad 
peak at approximately 28◦, suggesting partial graphitization of the 
carbon matrix. This increased the binding force between NC-1000 and 
FePc and facilitated electron mass transfer [26]. Secondly, as shown in 
Fig. 3b, all FePc@NC-T samples exhibited characteristic infrared signals 
associated with FePc, including Fe-N, C––N, C––C, and C–H bonds. 
Furthermore, the ID/IG values of all the samples were close to 1.00, 
indicating a similar degree of graphitization and the presence of abun
dant defect sites (Fig. 3c and S10). The structural defects increased with 
increasing pyrolysis temperature due to the effective volatilization of 
zinc species. Similarly, the specific surface areas of NC-T and FePc@NC- 
T increased with the formation of pores (Fig. 3d, S11, S12; Table S3). 
FePc@NC-1000 exhibited a larger hysteresis loop and a higher abun
dance of mesopores, which are beneficial for efficient mass transport 
during the catalytic process. 

The surface chemical state and coordination environment of the el
ements were further investigated using X-ray photoelectron spectros
copy (XPS). The full survey spectra in Fig. 4a confirmed the presence of 

C, N, and O in both nanocomposites. The deconvoluted C 1s spectra 
exhibited three peaks at 284.6, 288.8, and 286.1 eV, corresponding to 
C–C/C––C, C–O, and C–N, respectively. The intensity of the C–N 
peak in FePc@NC-1000 was slightly stronger than that in NC-1000, 
indicating successful loading of FePc (Fig. 4b) [27]. The broad peak in 
the high-resolution N 1s spectra in Fig. 4c predominantly originated 
from oxidized-N (404.0 eV), graphitic/pyrrolic-N (400.9 eV), and 
pyridinic-N (398.4 eV) [28,29]. A small fraction of Fe-N bonds was 
effectively detected in FePc@NC-1000, which is considered as optimal 
catalytic sites for the ORR. Spin-orbit splitting of the Fe 2p1/2 (722.5 eV) 
and 2p3/2 (709.8 eV) peaks was observed in the deconvoluted Fe 2p 
spectrum of FePc@NC-1000 (Fig. 4d) [30,31]. Weak Zn 2p1/2 (1045.1 
eV) and 2p3/2 (1022.1 eV) peaks were present in both NC-1000 and 
FePc@NC-1000, indicating the low amount of non-volatilized Zn spe
cies (Fig. 4e). Lastly, the high-resolution O 1s spectra displayed two 
subpeaks corresponding to C–O and C––O in both carbon nano
materials, suggesting a similar oxygen coordination environment, as 
shown in Fig. 4f [32]. 

Because of its unique porous carbon nanostructure with abundant Fe- 
N4 species, the electrochemical ORR performance of the FePc@NC-T 
series was investigated. The ORR selectivity was first assessed, and the 
reduction peak potential of FePc@NC-1000 was found to be 0.92 V, 
close to Pt/C (0.93 V), and significantly higher than FePc@NC-600/800 
(0.76/0.90 V), NC-1000 (0.85 V), and FePc (0.80 V) (Fig. 5a). 
FePc@NC-1000 also exhibited a higher diffusion-limited current den
sity (JL) of 5.96 mA cm− 2 compared to FePc, FePc@NC-600/800, NC- 
1000, and Pt/C (0.67, 4.14/4.58, 4.26, 5.11 mA cm− 2) respectively 
(Fig. 5b). Moreover, it displayed a higher half-wave potential (E1/2) and 
onset potential (Eonset) of 0.86/0.99 V, surpassing those of FePc@NC- 
600 (0.76/0.91 V), FePc@NC-800 (0.85/0.97 V), and recently reported 
Fe-based catalysts (Table S4). Additionally, the Koutecky-Levich curves 
of the FePc@NC-T samples demonstrated nearly linear relationships 

Fig. 2. (a) Stepwise synthesis of FePc@NC-T. (b) TEM image, (c) HR-TEM image, (d) EDS curve, (e) elemental mapping images of NC-1000. (f) TEM image, (g) AC- 
HAADF-STEM image, (h) EDS curve, (i) elemental mapping images of FePc@NC-1000. 
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within the range of 0.3–0.7 V (Figs. S13 and S14). Fig. 5c illustrated that 
FePc@NC-1000 (44.41 mV dec-1) had the smallest Tafel slope, indi
cating faster reaction kinetics compared to Pt/C (67.09 mV dec-1) and 
FePc (79.65 mV dec-1). Moreover, the calculated number of transferred 
electrons (n: 3.67–3.99) and lower HO2

– yields (<20%) indicated that all 
samples exhibited high selectivity through an ideal 4e pathway (Fig. 5d) 
[33]. The EIS analysis in Fig. 5e revealed that the optimal FePc@NC- 
1000 exhibited lower charge transfer resistance with 12.77 Ω, consistent 
with the aforementioned Tafel results. The double-layer capacitance 
(Cdl) of FePc@NC-1000 (28.66 mF cm− 2) was also larger than that of 
FePc@NC-600/800, NC-1000, Pt/C, and FePc (4.86/11.02, 11.89, 
21.24, 0.14 mF cm− 2), indicating it had the most active sites (Fig. 5f, 
S15, S16). Fig. 5f demonstrated that compared to Pt/C (89.30%), 
FePc@NC-1000 exhibited a higher current retention rate of 98.40% 
after 10 h. Furthermore, the addition of methanol resulted in a signifi
cantly larger current retention rate of 94.56% compared to Pt/C 
(32.40%), demonstrating its excellent methanol tolerance (Fig. 5g). 

Based on these results, we present a possible ORR pathway at the Fe- 
N4 active site in an alkaline solution, as depicted in Fig. 6a, b, and S17 
[34]. The process involves a concerted electron transfer (CET) step that 
leads to the formation of *OOH following the chemical adsorption of 
*O2. This intermediate subsequently decomposes into *O and H2O. Two 
additional CET processes generate *O and *OH, enabling the 4e- 

reduction process and yielding the final product H2O. To further 

understand the ORR mechanism and facilitate comparative interpreta
tion, a free-energy diagram of the FePc-based electrocatalysts was uti
lized. As shown in Fig. 6c, at an ORR potential of 1.23 V, pure FePc 
demonstrates inferior catalytic activity due to the high adsorption en
ergy of each intermediate [35,36]. However, combining FePc with 
reduced graphene oxide (FePc/RGO) significantly reduces the adsorp
tion energy of the intermediates at nearly every step [37]. It is worth 
mentioning that in FePc@NC-1000, FePc is securely enclosed within N- 
doped carbon, preventing direct exposure of FePc to the solution and 
enhancing the stability of the Fe-N4 active sites. Furthermore, the elec
tron transfer between FePc and the porous N-doped graphitic carbon 
layers facilitates the adsorption of oxygen and its intermediates, thereby 
improving ORR activity and durability. 

Owing to its high ORR activity and excellent stability, FePc@NC- 
1000 is expected to find applications in ZABs (Fig. 7a). Two ZABs 
connected in series successfully illuminated the LED screen, demon
strating excellent practical performance (Fig. S18). Fig. 7b showed that 
the FePc@NC-1000-based ZAB had an open circuit potential (OCP) of 
1.49 V, similar to that of Pt/C (1.51 V). Moreover, it delivered a higher 
battery power density of 120.37 mW cm− 2 compared to Pt/C (115.72 
mW cm− 2), indicating good mass transfer kinetics (Fig. 7c). Addition
ally, a constant-current test was conducted to assess the discharge per
formance. As depicted in Fig. 7d, the ZABs maintained a relatively stable 
output voltage from 5 to 100 mA cm− 2. Furthermore, upon returning the 

Fig. 3. (a) PXRD patterns, (b) FT-IR spectra, (c) Raman spectra, (d) N2 isotherms of the NC-1000 and FePc@NC-T series.  
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Fig. 4. (a) XPS survey spectra. Deconvoluted spectra of (b) C 1s, (c) N 1s, (d) Fe 2p, (e) Zn 2p, and (f) O 1s for NC-1000 and FePc@NC-1000.  

Fig. 5. (a) CV profiles, (b) LSV curves, (c) Tafel slopes, (d) n and HO2
– yields, (e) EIS plots for FePc@NC-600/800/1000, NC-1000, FePc, and Pt/C. (f) stability 

evaluation, (g) methanol tolerance test for FePc@NC-1000 and Pt/C. 
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Fig. 6. (a) Coordination structures of the Fe-N4 active sites in FePc@NC. (b) proposed oxygen reaction path on FePc@NC. (c) free energy diagram of 4e- ORR 
pathways at FePc-containing catalysts in other work. 

Fig. 7. (a) Schematic assembly of a ZAB. (b) OCP curves, (c) polarisation and power density profiles, (d) rate capacity, (e) mass-specific capacity of FePc@NC-1000 
and Pt/C. 
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current density to 5 mA cm− 2, the discharge voltage of the ZABs 
returned to its initial value, indicating high rate capability and dura
bility. Furthermore, the specific capacity of the ZAB based on FePc@NC- 
1000 (725.3 mAh g− 1) is significantly higher than that of Pt/C (645.4 
mAh g− 1) discharged at 10 mA cm− 2 (Fig. 7e). Overall, the FePc@NC- 
1000 proves to be a suitable Pt-free cathode catalyst with considerable 
application prospects. The exceptional catalytic performance of 
FePc@NC-1000 in ZABs can be attributed to the following observations 
during pyrolysis, effective evaporation of the molten Zn species leads to 
the formation of numerous pores and N sites. These abundant pores 
facilitate the adsorption of FePc molecules, while the plentiful N sites 
effectively anchor FePc molecules through Fe-N interactions. Addition
ally, the incorporation of N alters the symmetrical Fe-N4 structure of the 
FePc molecule, thereby enhancing the stability and activity of the Fe 
active sites. The N-doped graphitic carbon exhibits appropriate defect 
levels and graphitization ratios. The presence of defect sites enables the 
adsorption of reactants and accelerates the reaction kinetics. Mean
while, a high degree of graphitization enhances the electron transport 
capacity, facilitating electron transfer from the carbon substrate to the 
central active site. 

4. Conclusion 

In this study, a sheet-like Zn-based MOF, Zn2(BDC)2DABCO, has 
been successfully synthesized and served as a desired precursor for N- 
doped carbon nanosheets. FePc molecules are firmly immobilized onto 
the MOF-derived porous NC-1000 through the interaction of Fe-N and 
π-π stacking, resulting in the preparation of a cost-effective carbon-based 
catalyst, FePc@NC-1000. The N sites within NC-1000 facilitate the 
adsorption of FePc and optimize the electron distribution on the Fe-N 
site by forming electron-deficient Fe. Due to the presence of abundant 
structural defects and an appropriate degree of graphitization, 
FePc@NC-1000 exhibits an increased number of available active cen
ters and promotes the rapid transport of electrons and reaction in
termediates. As anticipated, it also demonstrates satisfactory activity for 
oxygen reduction, with Eonset/E1/2 values of 0.99/0.86 V and a JL value 
of 5.96 mA cm− 2. Furthermore, the assembled ZAB based on FePc@NC- 
1000 presents excellent performance and robust stability, comparable to 
that of state-of-the-art Pt/C catalysts. These results provide a new 
approach for the development and design of superior electrocatalysts 
with high ORR catalytic activity and stability, thus contributing to the 
advancement of green energy technologies. 
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