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Abstract: Development of platinum group metal (PGM)-free and iron-free catalysts for the 

kinetically sluggish oxygen reduction reaction (ORR) is crucial for proton-exchange membrane 

fuel cells (PEMFCs). A major challenge is their insufficient performance and durability in the 

membrane electrode assembly (MEA) under practical hydrogen-air conditions. Herein, we report 

an effective strategy to synthesize atomically dispersed Mn-N-C catalysts from an environmentally 

benign aqueous solution, instead of traditional organic solvents. This innovative synthesis method 

yields an extremely high surface area for accommodating an increased density of MnN4 active 

sites, which was verified by using advanced electron microscopy and X-ray absorption 

spectroscopy. The new Mn-N-C catalyst exhibits promising ORR activity along with significantly 

enhanced stability, achieving a peak power density of 0.39 W cm-2 under 1.0 bar H2-air condition 

in MEA, outperforming most PGM-free ORR catalysts. The improved performance is likely due 

to the unique catalyst features, including curved surface morphology and dominant graphitic 

carbon structure, thus benefiting mass transport and improving stability. The first-principles 

calculations further elucidate the enhanced stability, suggesting that MnN4 sites have a higher 
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resistance to demetallation than the traditional FeN4 sites, during the ORR. 

 

1. Introduction 

Driven by the need to eliminate platinum group metal (PGM) catalysts, the research of PGM-free 

oxygen reduction reaction (ORR) cathode catalysts for proton-exchange membrane fuel cells 

(PEMFCs) has made unprecedented progress in the past decade.1-4 Inspired by pioneering 

research,5-6 the carbon-based transition metal-nitrogen-carbon (M-N-C) catalyst (M: Fe, Co, or 

Mn) holds great promise due to their high intrinsic activity and reasonable stability for the ORR 

in acidic media.1, 7-8 Among all M-N-C catalysts, Fe-based catalysts demonstrated the most 

promising performance.9-13 However, the inferior durability of Fe-N-C catalysts in membrane 

electrode assemblies (MEAs) is still a substantial technical barrier for fuel cell transportation 

applications. Even worse, the H2O2 generated during the ORR reacts with Fe3+/Fe2+ to form 

detrimental hydroxyl and hydroperoxyl radicals via Fenton reactions, which attack organic 

ionomers, membranes, and catalysts.14-16 Eventually, the severe performance loss and cell failure 

occur due to the chemical and mechanical degradation of the MEAs.17 Therefore, the Fe-based 

catalyst is not ideal for replacing PGM catalysts in PEMFCs.14, 18 Although Co-N-C catalysts can 

alleviate the Fenton reactions to a certain degree, its relatively low intrinsic activity, and high cost 

remain grand challenges.19 Therefore, Mn-based catalysts that are low cost and have negligible 

activity towards the Fenton reactions are desirable PGM-free catalysts. In our previous works, we 

had experimentally and theoretically demonstrated the effectiveness to generate a high density of 

MnN4 active sites embedded in a carbon phase, exhibiting promising catalytic activity and 

stability.20-21 However, the Mn-N-C catalyst  showed limited performance in a practical H2-air fuel 

cell test with a low power density of 0.18 W cm-2, which was far less than that of benchmark Fe-
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N-C catalysts.22-24  

The atomic MN4 moieties, which are generally dispersed and embedded in micropores, are 

identified as ORR active sites, as evidenced by advanced spectroscopic characterizations and first-

principles calculations.25-26 Like most of the other M-N-C catalysts, current Mn-N-C catalysts are 

derived from zinc-based zeolitic imidazolate frameworks (ZIF-8s), a subfamily of metal-organic 

frameworks (MOFs).27 Because ZIF-8-derived carbon materials synthesized via carbonization at 

high temperature (e.g., 1100 oC) possess an abundance of micropores and defects.28-29 The richness 

of micropores and defects is favorable for hosting a high density of MnN4 sites with atomic 

dispersion in carbon. However, most of the ZIF-8 crystals are prepared from organic solvents such 

as methanol and dimethylformamide.30-31 These organic solvents are toxic, costly, and potentially 

harmful to the environment, thus contradicting the sustainable concept of developing PGM-free 

catalysts for clean energy. Some reports have tried to circumvent this issue via solid-state synthesis 

of ZIF-8.32 These materials suffer from complicated procedures and heterogeneous morphology. 

In contrast, the synthesis of ZIF-8 in aqueous solutions would have many advantages including 

high efficiency, low cost, and being environmentally friendly.33  

Herein, we have developed a highly active Mn-N-C cathode catalyst from an aqueous solution 

synthesis method by using an acid-assisted step-pyrolysis strategy. This catalyst exhibits 

significantly enhanced activity and fuel cell performance, dramatically outperforming our previous 

Mn-N-C in 2018 by using dimethylformamide synthesis methods.20 The new Mn-N-C catalyst 

achieved remarkable MEA performance, i.e., the peak power density of 0.39 W cm-2 under H2-air. 

The homogeneous atomically dispersed MnN4 active sites were directly confirmed by X-ray 

absorption spectroscopy (XAS) and high-resolution scanning transmission electron microscopy 

(STEM) images along with electron energy loss spectroscopy (EELS). This unique aqueous 
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synthesis method yielded a predominantly microporous carbon structure with a unique curved 

surface morphology, which is beneficial for hosting MnN4 moieties and improved mass transport. 

Enhanced stability was also achieved due to the robust nature of MnN4 and the formation of a 

graphitic carbon structure with a high degree of curvature. Compared to FeN4, the higher resistance 

for metal leaching of MnN4 moieties was further confirmed by density functional theory (DFT) 

calculation. This work provided a new concept to develop atomically dispersed single metal atom 

site catalysts by using environmentally friendly aqueous synthesis with improved catalyst 

performance relative to traditional organic solvent-based synthesis.  

2. Results and discussion  

2.1 Catalyst synthesis, structures, and morphologies. 

Three different catalyst samples were synthesized and studied in this work (details can be found 

in the supporting information). Typically, Mn-doped ZIF-8 precursors were prepared and 

carbonized from different procedures. For the Mn-N-C-1100 catalyst, the precursors were 

synthesized in the absence of acid protection and directly heat-treated at 1100 °C (the first thermal 

activation), followed by adsorption procedure and second thermal activation. For the Mn-N-C-

HCl-1100 catalyst, the precursors were synthesized with the addition of acid and directly heat-

treated at 1100°C (the first thermal activation), followed by identical adsorption and second 

thermal activation. For the Mn-N-C-HCl-800/1100 catalyst, the precursors were synthesized with 

addition of acid and carbonized from a step-pyrolysis method, which involved holding the 

temperature at 800 °C for 2 hours and then elevate it to 1100 °C for 1 hour (the first thermal 

activation), followed by the same adsorption and a second thermal activation process. During the 

multiple-step synthesis, Mn-N-C catalysts prepared by the first thermal activation are labeled 

correspondingly as Mn-N-C-1100-first, Mn-N-C-HCl-1100-first, Mn-N-C-HCl-800/1100-first. 
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The novel aqueous system catalyst synthesis procedure is illustrated in Figure 1a. The initial 

Mn-doped ZIF-8 precursors were synthesized in a dilute HCl acid. One of the grand challenges for 

Mn-N-C synthesis is that Mn atoms tend to form inactive metallic compounds and oxides, instead 

of active single metal atom sites.20, 27 The addition of HCl acid mitigates the hydrolysis process, 

prevents the formation of manganese oxides/clusters, and generates more porous structures. 

Moreover, the aqueous synthesis method can significantly shorten the reaction time to form ZIF-

8 crystals because their nucleation and crystallization rates in water are much faster than those in 

organic solvents. Based on the XRD pattern (Figure S1a), the crystal structure of the Mn-doped 

ZIF-8 precursor was similar to that of reported ZIF-8s,11, 34 further verifying the effectiveness of 

the aqueous solution to form well-defined ZIF-8 crystals. Next, the Mn-doped ZIF-8 precursors 

can be carbonized to create a porous carbon structure by evaporating zinc easily, and MnN4 can be 

created via a high-temperature treatment. Thus, the subsequent thermal activation process has a 

profound effect on the activity of the ZIF-derived Mn-N-C catalysts. A step-pyrolysis strategy (i.e., 

800 and 1100 oC) was developed to significantly increase the density of active sites located in the 

micropores. For example, if the temperature is directly increased to 1100 °C skipping the 

intermediate 800oC step, a loss of MnN4 sites will occur due to the collapse of the micropores. As 

displayed in Figure S2, the specific surface area of different catalysts follows this trend: Mn-N-

C-HCl-800/1100-first > Mn-N-C-HCl-1100-first > Mn-N-C-1100-first, implying that the acid-

assisted step-pyrolysis method can effectively increase the surface area. The Mn-N-C-HCl-

800/1100-first catalyst exhibited higher micropore volume within a broader range than the other 

two catalysts due to less micropore collapse.  
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Figure 1. (a) Synthesis scheme for Mn-N-C catalysts and HAADF-STEM images with 

corresponding EDS elemental mappings of C, N, and Mn for (b) Mn-N-C-HCl-800/1100-first 

catalyst (scan bar: 20 nm) and (c) Mn-N-C-HCl-800/1100 catalyst after the second adsorption to 

introduce additional MnN4 sites (scan bar: 30 nm).  

 

The XRD patterns of the obtained catalyst show dominant peaks around 25° and 44°, which can 

be assigned to carbon planes (002) and (101), respectively (Figure S1b),35 suggesting that the 
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Mn/ZIF precursors are well carbonized. Unlike the smooth surface often observed in catalysts from 

organic synthesis,16, 20, 34 the curved-surface polyhedron morphology of carbon particles is 

apparent in the catalyst obtained from the aqueous-based synthesis method (Figures 1b and S3). 

The curved surface morphology was created by the anisotropic thermal shrinkage of ZIF-8, where 

the vertices of the polyhedron are less stressed than the planar faces.9 Compared to organic solvents 

used for the synthesis, the much faster crystallization process in the aqueous solvent can lead to 

the formation of more defects, e.g., absence of nodes or linkers.36 Thus, additional pore sizes are 

observed in the framework architecture and provide more space for the shrinkage of the ZIF-8 

crystal.37 Consequently, the edge frame of the polyhedron is retained while the planar faces 

collapse. The curved surface structure can improve the utilization of active sites at the surface by 

increasing the external surface area and exposing more active sites. It can also facilitate the mass 

transport by generating more mesopores and macropores.9, 38-39 To further increase the density of 

active sites, adsorption of Mn ions was performed on the Mn-N-C-HCl-800/1100-first catalyst 

followed by a second thermal activation. Unlike traditional Fe or Co-based catalysts, the Mn-based 

catalysts are very likely to form clusters during the one-step chemical doping, thus generating a 

very low density of MnN4 active sites. To address this issue, we developed an effective two-step 

doping and adsorption method to introduce more active Mn sites into carbon catalysts step by step. 

The unique microporous structure and proper nitrogen doping of ZIF-derived carbon after the first 

step can serve as an ideal host to adsorb Mn ions sites in the second adsorption step and form more 

MnN4 sites. The STEM-EDS elemental mapping displayed in Figure 1b and 1c indicates that C, 

N, and Mn atoms are uniformly dispersed in the Mn-N-C-HCl-800/1100 catalyst. Notably, 

compared with the Mn-N-C-HCl-800/1100-first catalyst, the Mn signals became much denser and 

stronger in the final Mn-N-C-HCl-800/1100 catalyst, suggesting that the adsorption and second 
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thermal activation step can considerably increase the density of Mn sites.  

2.2. ORR activity and stability.  

    The ORR activity and selectivity of these catalysts were evaluated by using a rotating ring-disk 

electrode (RRDE) in 0.5 M H2SO4 electrolyte at room temperature. The lower activity was 

observed for Mn-N-C catalysts derived from methanol and DMF, suggesting very less active MnNx 

moieties in these catalysts (Figure S4), and the Mn ions cannot be chemically doped into ZIF 

crystals easily. Unlike traditional organic solvents, in which the Mn ions cannot coordinate with N 

ligands effectively during the chemical doping step, the Mn-N-C-HCl-800/1100-first catalyst 

derived from direct Mn-doped ZIF-8 in aqueous solution showed a more positive half-wave 

potential (E1/2) of 0.69 V vs. RHE in 0.5 M H2SO4. H2O molecules would partially break the 

coordination bonds between organic linkers and zinc nodes during nucleation and crystallization, 

exposing the unsaturated N sites for bonding with Mn ions.40 Thus, more Mn ions can be 

coordinated with N sites to obtain a higher density of Mn-N4 complexes in aqueous solution. 
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Figure 2.  (a) Steady-state ORR polarization curves of Mn-N-C-HCl-800/1100-first and Mn-N-C-

HCl-800/1100. (b) Steady-state ORR polarization curves of Mn-N-C-1100, Mn-N-C-HCl-1100, 

Mn-N-C-HCl-800/1100, and N-C. (c) Tafel plots of ORR on different catalysts replotted from the 

polarization curves. (d) Hydrogen peroxide yields of Mn-N-C-1100, Mn-N-C-HCl-1100, Mn-N-

C-HCl-800/1100, and N-C. (e) Steady-state ORR polarization curves of Mn-N-C catalysts with 

various sizes. (f) Steady-state ORR polarization curves of Mn-N-C-HCl-800/1100 before and after 

potential cycling tests (0.6-1.0 V, 30,000 cycles).  

 

Notably, zinc in ZIF-8 precursors starts to evaporate under 800 ℃ to generate a porous 

structure.10 Therefore, we chose 800 ℃ as the critical temperature for the carbonization of Mn-

doped ZIF-8 precursors in the first period of the step-pyrolysis process. The poor RDE 

performance (Figure S5) indicates that there is no formation of MnNx active sites during the first 

period of step-pyrolysis. However, after the first period of step-pyrolysis, nitrogen defects were 

exposed due to zinc evaporation. Then the temperature was further elevated to 1100 ℃ to facilitate 

the diffusion of Mn ions and the generation of MnN4 active sites. Followed by adsorption and the 

second thermal activation, the Mn-N-C-HCl-800/1100 catalyst showed significantly enhanced 

activity compared with Mn-N-C-HCl-800/1100-first, proving that more accessible active sites 

were introduced (Figure 2a). This activity improvement is in good agreement with the results of 

STEM-EDS mapping showing an increased atomic Mn signal in the final catalyst. The adsorption 

and the second thermal activation steps can dramatically improve the activity for all Mn catalysts 

(Figure S6).  

       As shown in Figure 2b, the Mn-N-C-1100 catalyst synthesized without the assistance of acids 

exhibited inferior ORR activity due to the formation of manganese oxides (Figure S7), which 
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undermined the surface area (Figure S8 and Table S1) and inhibited the formation of MnN4 active 

sites. With acid assistance, the Mn-N-C-HCl-1100 catalyst showed improved activity, which can 

be attributed to the higher density of active sites and a more porous structure. No manganese 

oxides/clusters are detected in the Mn-N-C-HCl-1100 catalyst, indicating that the acid plays a 

crucial role in isolating the Mn ions and avoiding the formation of manganese oxides. The best 

performing Mn-N-C-HCl-800/1100 catalyst showed the highest activity with an E1/2 of 0.815 V vs. 

RHE as well as the highest surface area (>1500 m2 g-1). The micropore area is the principal key 

factor in improving ORR activity by accommodating the active sites.41-43 Therefore, the abundant 

micropores (0.52 cm3 g-1) in the Mn-N-C-HCl-800/1100 catalyst is favorable for hosting a high 

density of active sites. The previously reported 20Mn-NC-second catalyst 20 was compared with 

our new Mn-N-C-HCl-800/1100 catalyst (Figure S9). The Mn-N-C-HCl-800/1100 catalyst 

exhibited a current density higher by three times than that of the 20Mn-NC-second catalyst at 0.9 

V. Given that less Mn content was observed for the Mn-N-C-HCl-800/1100 catalyst (Table S2), 

the higher activity can be attributed to the higher utilization of MnN4 moieties at the surface due 

to the unique curved-surface structure. The activity of the Mn-free nitrogen-doped carbon (N-C) 

catalyst was also tested under the same condition, which only showed a half-wave potential around 

0.53 V (Figure 2b), suggesting that the formation of Mn-related active sites is essential for the 

high ORR activity. As shown in Figure 2c and Table S3, Tafel slopes ranging from 75 to 85 mV 

dec-1 were determined for Mn-based catalysts, suggesting that the mixed control on rate-

determining step involves the transfer of the first electron (60 mV dec-1) and the diffusion of 

intermediates at catalyst surfaces (118 mV dec-1).44-46 Among all Mn-N-C catalysts, the Mn-N-C-

HCl-800/1100 catalyst showed the lowest Tafel slope, indicating the fastest ORR kinetics. The 

Mn-free nitrogen-doped carbon catalyst demonstrated a much higher Tafel slope (104 mV dec-1) 
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at low currents, indicating a different reaction mechanism and much slower kinetics. Moreover, 

the Mn-N-C-HCl-800/1100 catalyst yielded insignificant hydrogen peroxides (less than 3%) 

during the ORR, suggesting good selectivity of the four-electron pathway (Figure 2d). In this 

study, Mn-N-C-HCl-800/1100 catalysts with different particle sizes were also prepared and 

compared, in which 85 nm catalyst demonstrated the highest performance (Figure 2e). This can 

be attributed to the fact that higher microporosity and specific surface area were observed for the 

85 nm catalyst, which in turn facilitated the exposure and utilization of active sites.  

The stability of Mn-based catalysts was also evaluated via accelerated stress tests (potential 

cycling from 0.6 to 1.0 V) in O2-saturated 0.5 M H2SO4 during the ORR. The best performing Mn-

N-C-HCl-800/1100 catalyst demonstrated excellent stability with a loss of 14 mV in E1/2 after 

30,000 cycles (Figure 2f). The stability is significantly enhanced when compared to other ZIF-8 

derived Fe-N-C and Co-N-C catalysts,11, 15-16 indicating the Mn-N-C catalyst holds promise to 

address the stability issue of PGM-free ORR catalysts. For comparison, the Mn-N-C-HCl-1100 

catalyst (without step-pyrolysis) was subject to the identical stability test. The Mn-N-C-HCl-1100 

catalyst was found to be less stable (Figure S10), suggesting that the step-pyrolysis strategy can 

improve stability by modifying the carbon structure. Compared with the Mn-N-C-HCl-1100 

catalyst, the Mn-N-C-HCl-800/1100 catalyst demonstrated less change of capacitance and a more 

graphitic carbon structure due to the longer duration of heat-treatment and modulated temperature 

(Figure S11). 

2.3. Mechanistic understanding of activity and stability improvements 

The electrochemical performance dependence on catalyst size was investigated and displayed 

in Figure 3. Herein, as displayed in Figure S12, the size of Mn-doped ZIF precursors was tuned 
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through varying the concentration of chemicals (i.e., 2-methylimidazole). Thus, the particle size 

of various catalysts can be adjusted and prepared. After the carbonization, the dominant rhombic 

polyhedron shape of Mn-doped ZIF-8 was retained except that the catalyst particle was shrunk, 

and the particle surface became irregular. Following the adsorption and the second thermal 

activation, the catalyst maintained a similar size as it was in the first step (Figure 3a). XRD results 

indicate all Mn-N-C catalysts showed a similar crystal carbon structure (Figure 3b). From the 

Raman spectra (Figure 3c), all catalysts exhibited similar ratios of D and G peak areas 

(AreaD/AreaG), where the ratio of the relative intensity of D to G band can be an indicator of the 

graphitization degree of the carbon structure.47-48 The N2 sorption isotherms (Figure 3d) of the 

various Mn-N-C catalysts, used to determine the Brunauer-Emmett-Teller (BET) surface areas, 

provide a discerning factor for catalytic activity. As shown in Figure 2e, the catalytic activity of 

Mn catalysts follows a trend: 85 nm > 30 nm > 200 nm, which is consistent with the trend of 

specific surface area. The high surface area can be mainly ascribed to the dominant microporosity, 

evidenced by the gradual increase in the N2 uptake at low pressures. The best performing 85 nm 

catalyst also exhibited the highest surface area (1511 m2 g-1). The 200 nm catalyst demonstrated 

the lowest activity with a surface area of 923 m2 g-1. The catalytic activity, surface areas, and 

particle sizes are well correlated in Figure S13 and Table S4.  
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Figure 3. (a) SEM images of Mn-N-C catalysts with various particle sizes. Scan bar: 200 nm. (b) 

X-ray diffraction patterns of Mn-N-C catalysts with various sizes. (c) Raman spectra of Mn-N-C 

catalysts with various particle sizes.  (d) N2 sorption isotherms of Mn-N-C catalysts with various 

particle sizes.  

 

    The atomic-level structure and the chemistry of Mn-N-C catalysts were extensively studied by 

scanning transmission electron microscopy (STEM) images, electron energy loss spectroscopy 

(EELS), and XAS analysis. Figure 4a elucidated the overall morphology via a STEM image, and 

the Mn-N-C-HCl-800/1100-first catalyst exhibited a curved surface polyhedron structure. Figure 

4b further showed the porous structure of the Mn-N-C-HCl-800/1100-first catalyst. The nitrogen-

coordinated Mn sites (the bright dots in the red circles) can be visualized by using STEM (Figure 

4c) along with EELS (Figure 4d). The advanced electron microscopy study verifies that atomically 

dispersed Mn sites are homogeneously embedded into the carbon matrix throughout the catalyst.  
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Furthermore, the Mn-N-C-HCl-800/1100-first catalyst was subject to an adsorption step and a 

second thermal activation, where the acid and urea were introduced to prevent the formation of 

Mn oxides/clusters and provide a source of additional nitrogen, respectively. Moreover, the 

hydrochloric acid can also activate the catalyst by improving the BET surface area and pore 

volume of carbon.49-50 HR-TEM images with electron diffraction patterns (Figure S14) confirm 

the existence of porous carbon structure, and the absence of Mn oxides or clusters in the catalysts, 

which are in good agreement with XRD results.  Also, compared to the Mn-N-C-HCl-800/1100-

first, the curved surface morphology of the Mn-N-C-HCl-800/1100 catalyst became more 

dominant (Figure 4e), and a more porous structure was achieved (Figures 4f and S15). The 

increased surface area can be attributed to the fact that the more dominant micropores formed after 

the adsorption and the second thermal activation (Figure S16), which is related to the pore 

formation induced by the uses of HCl and urea.49, 51 This is different from the results we observed 

previously, in which the specific surface area of catalysts was often reduced after the second 

thermal activation.20 The higher micropore volume can accommodate more MnN4 active sites in 

the second step, which has been verified by ORR activity enhancement and STEM elemental 

mapping (Figures 1 and 2a). The ammonia generated from the decomposition of urea could help 

to create more defects, thus increasing the density of MnN4 sites.26 The atomically dispersed 

nitrogen-coordinated manganese sites (the bright dots in red circles) in the final catalyst were also 

verified via HR-STEM (Figure 4g) and EELS (Figure 4h). Therefore, the improved ORR activity 

is due to increased surface area and density of MnN4 active sites.  
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Figure 4. STEM images and corresponding electron energy loss spectroscopy of (a-d) Mn-N-C-

HCl-800/1100-first, (e-h) Mn-N-C-HCl-800/1100, and (i-l) Mn-N-C-HCl-800/1100 after potential 

cycling (0.6-1.0 V, 30,000 cycles). (m) The K-edge XANES spectra of the Mn-N-C-HCl-800/1100 

catalyst and standard samples (MnPc, MnO, and Mn2O3) and (n) Fourier-transformed-EXAFS 

spectra of the Mn-N-C-HCl-800/1100 catalyst and standard samples (MnPc, MnO, and Mn2O3). 
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The best performing Mn-N-C-HCl-800/1100 catalyst after the accelerated stress test was further 

studied by applying HADDF-STEM, and the images provide an underlying mechanistic 

understanding of stability enhancement (Figures 4i-l and S17). The curved surface of carbon 

architecture was retained after 30,000 potential cycles, suggesting excellent stability of catalysts 

in terms of carbon corrosion resistance. The carbon stability can be attributed to the formation of 

a curvature-shaped graphitic carbon structure (Figure S18).52-53 These graphitic carbon layers 

stacked in the Mn-N-C-HCl-800/1100 catalyst is possibly related to the step-pyrolysis method and 

further enhanced by the second thermal activation as the Mn-N-C-HCl-800/1100 catalyst shows a 

more dominant graphitic carbon structure when compared to the Mn-N-C-HCl-800/1100-first 

catalyst (Figure S19). The change of carbon structure was also confirmed by Raman spectroscopy, 

in which more graphitic carbon structures were detected from the Mn-N-C-HCl-800/1100 catalyst. 

The generation of such a high curvature graphitic carbon structure can start from 800 ℃ during 

the first period of the step-pyrolysis of the Mn-doped ZIF-8 precursor.54 Notably, in traditional 

synthesis methods, the heat-treatment duration is usually short. Therefore, the carbonization of the 

precursor is insufficient to generate such a graphitic carbon structure.  In this work, longer duration 

of heat treatments, modulated temperature, and additional second thermal activation can all 

facilitate the formation of such unique graphitic carbon structures. After potential cycling, the 

atomically dispersed nitrogen-coordinated Mn sites still retained in the carbon matrix, and no Mn 

clusters were observed, suggesting the robustness of the Mn-N coordination structure during the 

ORR in the acid media (Figures 4k and 4l). This result is consistent with RDE observations.  

    XAS measurements further examined the Mn-N-C catalyst. Manganese phthalocyanine (MnPc), 

MnO, and Mn2O3 were also studied as standard Mn compounds for comparison. The bulk average 

oxidation state of the Mn in the Mn-N-C-HCl-800/1100 catalyst was estimated by the position of 
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the X-ray absorption near-edge structure (XANES) spectra. Figure 4m presents that edge position 

of the Mn K-edge XANES spectrum of the Mn-N-C-HCl-800/1100 catalyst nearly overlaps that 

of the MnO, indicating a bulk average oxidation state of +2. This is in good agreement with the 

XPS result (Figure S20), where the valence of Mn ions of the Mn-N-C-HCl-800/1100 catalyst was 

identified to be Mn2+ based on the binding energy of Mn 2p1/2 and Mn 2p3/2 situated at ca. 653.2 

and 641.5 eV, respectively. The N 1s peak can be fitted into four peaks situated at 398.3, 399.3, 

401.3, and 404.0 eV, which can be assigned to pyridinic-N, Mn-N species, graphitic-N, and 

oxidized-N, respectively. The nitrogen content and types are similar to traditional iron-based 

catalysts (Table S2). The pyridinic nitrogen can act as anchor sites to coordinate with Mn sites. 

Moreover, the graphitic nitrogen was the dominant species observed in our catalysts, which can 

modify the electronic structure of carbon materials by delocalizing the electron distribution of 

carbon planes to improve the ORR kinetics.55 Moreover, the d-orbital filling and spin of transition 

metal center can be significantly impacted by surrounding graphitic N, leading to the improved 

intrinsic activity of MN4 sites.56 The local structures of Mn sites in the Mn-N-C-HCl-800/1100 

catalyst and standard Mn compounds were also characterized by an extended X-ray absorption 

fine structure (EXAFS) analysis. The Fourier-transformed (FT) EXAFS spectrum of the Mn-N-C-

HCl-800/1100 exhibited a predominant peak of around 1.5 Å (Figure 4n), which can be attributed 

to the Mn-N/O first coordination shell.20, 57  The two scattering peaks of the MnO around 2.6 Å 

and 4.8 Å can be assigned to the Mn-Mn pathways.58 Thus, the absence of such Mn-Mn peaks for 

the Mn-N-C-HCl-800/1100 indicates no Mn oxides cluster with long-range ordered structures. The 

EXAFS analysis agrees with the XRD and STEM results that the Mn exists as atomically dispersed 

single Mn site species. To further understand the chemical structure of Mn-N coordination, we 

characterized MnPc with a fingerprint MnN4 structure as a standard baseline for possible active 
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site identification of the Mn-N-C-HCl-800/1100 catalyst (Figure S21 and Table S5). It is noted 

that the FT-EXAFS of the Mn-N-C-HCl-800/1100 catalyst closely follows that of the MnPc up to 

5 Å (Figure 4n), suggesting the presence of MnN4 moieties in the Mn-N-C-HCl-800/1100 catalyst. 

The presence of Mn-Ox species cannot be conclusively excluded by XAS analysis since N and O 

as scattering neighbors cannot be distinguished by XAS, but the N coordination is supported by 

STEM and EELS analysis.   

In previous studies20-21, we employed the first-principles density functional theory (DFT) 

calculations to predict the intrinsic ORR activity of an MnN4 site. The most likely active site 

contains a central Mn atom coordinated with four N atoms embedded in a graphene layer with a 

planar configuration. The MnN4 site exhibits a thermodynamically favorable four-electron 

pathway for the ORR with a predicted limiting potential of 0.54 V and kinetically feasible 

activation energy of 0.37 eV for breaking the O-O bond during the OOH dissociation. Hence, these 

computational results well explained the observed activity of the Mn-N-C catalysts for the ORR. 

Here, we further performed the DFT calculations to model the metal leaching processes from both 

MnN4 and FeN4 sites to attain an understanding of the observed stability improvement of the Mn-

N-C catalysts. Calculated Pourbaix diagrams show that these clean MnN4 and FeN4 sites are 

thermodynamically stable only under low electrode potential (U<0.5 V vs. RHE) in acid media.59 

Under electrode potential higher than 0.5 V, the MnN4 site was predicted to be terminated by an 

oxygen atom, whereas the FeN4 site terminated by a hydroxyl group. The different stable states of 

the MnN4 and FeN4 sites during ORR at high potential is a result of the lower thermodynamic 

driving force for O protonation reaction to form OH on MnN4 than on FeN4 site. The adsorption 

of an oxygen molecule (O2) on the central metal of these active sites is the first and inevitable step 

of the ORR. Consequently, we compare in this work the stability against metal leaching of the 
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clean, oxygen-species terminated, and oxygen-molecule adsorbed MnN4 and FeN4 sites, as shown 

in Figure 5 and Figure S22, respectively. 

 

Figure 5.  Atomistic models showing the leaching of central Mn metal from (a) an MnN4 site, (b) 

oxygen terminated MnN4 site, and (c) an oxygen molecule adsorbed MnN4 site. In the figure, the 

gray, blue, purple, red, and white balls represent C, N, Mn, O, and H atoms, respectively. 

 

Also shown in Figure 5, we assume that the change of free energy could gauge the tendency of 

metal leaching from a metal-N4 site when two protons replace the central atom and hence loses its 

four N coordination. The free energy change for these processes can be calculated by comparing 

the energies before and after the metal leaching and considering the free energy of proton as 1/2H2 

gas in acid media. Namely, a positive value of the free energy change indicates a barrier, whereas 

a negative value indicates a spontaneous process for the metal leaching process. We presented our 

DFT calculation results in Table 1. For clean MnN4 and FeN4 sites, we predict that the metal 

leaching has a high free energy barrier (2.98 eV for MnN4 and 3.38 eV for FeN4).  
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Table 1.  Free energy changes for the leaching of the central metal atom from MnN4 and FeN4 

sites calculated from DFT.  

Free energy 

change (eV) 
Clean 

Oxygen species-

terminated 
Oxygen molecule-adsorbed 

MnN4 2.98 1.84 0.86 

FeN4 3.38 1.33 0.76 

 

These results indicate that it is challenging to lose metal from the clean MnN4 and FeN4 sites. 

Hence, we believe that the metal leaching process from the clean metal-N4 sites might have a 

negligible impact on the stability of the catalysts. In contrast, Table 1 shows that the free energy 

changes for the metal leaching from the oxygen-species (O or OH) terminated and oxygen-

molecule adsorbed MnN4 and FeN4 sites are comparatively lower, suggesting that these two 

processes would contribute significantly to the observed instability of these catalysts. Our DFT 

results indicate that the oxygen-species terminated MnN4 is about  1.84  eV, more stable than the 

oxygen-species FeN4 site at 1.33 eV. Also, the oxygen-molecule adsorbed MnN4 is about 0.10 eV 

more stable than the oxygen-molecule adsorbed FeN4 site. Thus, our DFT calculations provide a 

mechanistic understanding of the experimentally observed stability improvement of the Mn-N-C 

catalysts as compared to the Fe-N-C catalysts.  
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Figure 6. (a) Fuel cell performance of different catalysts under H2-O2. Cathode: 4.0 mg cm-2; O2 

flow rate 1000 sccm; 100% RH; 1 bar O2 partial pressure; anode: 0.3 mgPt cm-2 Pt/C; H2 flow rate 

200 sccm; 100% RH; membrane: Nafion® 212. (b) Fuel cell performance of various catalysts under 

H2-air. Cathode: 4.0 mg cm-2; air flow rate 1000 sccm; 100% RH; 1 bar air partial pressure; anode: 

0.3 mgPt cm-2 Pt/C; H2 flow rate 200 sccm; 100% RH; membrane: Nafion® 212. (c) Polarization 

curves of Mn-N-C-HCl-800/1100 catalyst with various I/C ratio at 100% RH under H2-air 

conditions (d) Polarization curves of Mn-N-C catalysts with different particle size. All polarization 
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curves are not iR corrected. (e) Maximum power density and current density @ 0.7 V of iron-free 

cathode catalysts for PEMFC under H2-air conditions at 80 °C and 100% RH. (1.0 bar total partial 

pressure and not iR corrected unless specified) (f) Fuel cell durability tests of Mn-N-C and Fe-N-

C at a constant potential of 0.65 V under H2-air conditions. 

 

2.4 MEA performance 

Owing to the significant differences in temperature, acidity, pressure, proton/electron 

conductivity, and electrode structures between RDEs and MEAs, it is challenging to transfer high 

activities of PGM-free catalysts into MEA performance directly.7 At first, the fabricated MEA was 

investigated under the H2-O2 condition (Figure 6a). As expected, the Mn-N-C-1100 catalyst 

showed poor performance in the whole current range due to the inferior intrinsic activity of Mn 

oxides, which also reduced the number of Mn-N active sites and blocked the micropores. 

Moreover, the Mn-N-C-1100 catalyst showed a tendency to agglomerate together with a smaller 

primary particle size (Figure S23), which can block the dispersion and distribution of ionomer. 

Compared with the Mn-N-C-1100 catalyst, the performance of the Mn-N-C-HCl-1100 catalyst was 

improved in the whole current range, indicating the removal of Mn oxides by using HCl can 

enhance the activity and change the carbon structure of the catalyst. However, the Mn-N-C-HCl-

1100 catalyst also showed poor mass transport due to insufficient mesopores and macropores, even 

though primary particles of the Mn-N-C-HCl-1100 were well isolated and form less large 

aggregates. With the step-pyrolysis, the MEA performance of the Mn-N-C-HCl-800/1100 catalyst 

was significantly improved. It achieved an OCV of 0.95 V, which was comparable to that of our 

previously reported 20Mn-NC-second catalysts.20 Meanwhile, the achieved maximum power 

density of the Mn-N-C-HCl-800/1100 cathode was 0.6 W cm-2, which was much higher than that 
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of the 20Mn-NC-second catalyst (Figure S24). More importantly, the current density at 0.8 V for 

the Mn-N-C-HCl-800/1100 catalyst was about 1.5 times higher than that of the 20Mn-NC-second 

catalyst, indicating that more active sites were exposed and utilized under the same condition likely 

due to a more porous structure of the Mn-N-C-HCl-800/1100 catalyst.  

The performance of the catalyst was also investigated under practical H2-air conditions (Figure 

6b). Due to the mass transport limitation in the air, the performance gap among the different 

catalysts became more apparent. The OCV of the Mn-N-C-HCl-800/1100 was 0.91 V, which was 

comparable to other reported iron-free cathode catalysts.15, 20 More importantly, the maximum 

power density was 0.39  W cm-2 under 1.0 bar pressure of H2/air, which outperformed all Fe-free 

cathode catalysts and was comparable with iron-based catalysts. The achieved power density was 

two times higher than that of our previously reported 20Mn-NC-second catalysts (Figure S24). 

The significantly enhanced performance at a high current density region is due to dramatically 

enhanced mass transport. The curved surface structure likely favors the formation of abundant 

mesopores/macropores, which can enhance the mass transport and improves the utilization of 

active sites by facilitating ionomer dispersion and distribution.60 This was verified by microscopy 

images of MEA structures, where the Mn-N-C-HCl-800/1100 catalyst layer exhibited a porous 

structure and uniform ionomer distribution. In contrast, large aggregates, dense structure, and high 

concentrated ionomer were observed for the previous 20Mn-NC-second catalyst layer. 

The ratio of ionomer to catalyst was also modulated by preparing MEAs by using the best 

performing Mn-N-C-HCl-800/1100 catalyst (Figure 6c). The optimal I/C ratio is determined to be 

0.8. The electrochemical surface area (ECSA) of catalysts can be measured to evaluate the number 

of active sites in contact with ionomer by impacting the ionomer dispersion and infiltration.61-62 In 

this study, when the ratio of I/C was increased from 0.6 to 0.8, both better ionomer coverage of the 
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catalyst and more ionomer infiltration into the catalyst layer were achieved. Thus, the contact area 

between the catalysts and ionomer was increased. The MnN4 active sites can participate in the 

ORR only when located at the three-phase boundary of the ionomer, oxygen, and carbon. 

Consequently, the utilization of active sites and the performance of catalysts can be further 

improved when an optimal I/C ratio is employed.22 The utilization of catalysts could not be further 

improved by using excessive ionomer, which only increases the thickness of the ionomer film, 

leading to high local transport resistance and flooding. In addition, the extra amount of ionomer 

could block the pores in the electrode. The effect of the primary catalyst size on MEA performance 

was also studied (Figure 6d). The catalyst with a size of 85 nm demonstrated the best performance 

due to the uniform distribution of particles (Figure S25), improving the ionomer dispersion and 

catalyst utilization. Both 30 nm and 200 nm catalysts showed poor MEA performance. Large 

aggregates were observed for the 30 nm catalyst, which prohibited the ionomer from infiltrating 

into the bulk particles. The majority of the ionomer was usually located around the aggregates, and 

the interior of the catalyst aggregates lacked ionomer. Even though the 200 nm particles were well 

distributed, its low ORR activity and low surface area inhibited the MEA performance. Moreover, 

the ionomer film thickness would be significantly increased if the primary particle size was 

increased up to 200 nm, which reduced the mass transport dramatically.22 Maximum power density 

and current density at 0.7 V for all reported iron-free catalysts are summarized in Figure 6e and 

Table S6. The new Mn-N-C catalyst shows the most promising performance to replace iron-based 

catalysts under realistic H2-air conditions for fuel cell applications.  

The MEA durability test of the Mn-N-C-HCl-800/1100 catalyst was also carried out. The cell 

was tested at a constant voltage of 0.65 V for 160 hours. The performance loss is shown in Figure 

S26, in which 80% activity was retained after the first 16 hours, outperforming most of Fe-free 
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cathode catalysts (Table S6). After 100 hours, more than 50% activity was maintained, 

demonstrating moderate performance degradation under harsh conditions. The degradation rate 

was calculated per every 20 hours (Table S7). The significant performance loss occurred in the 

first 20 hours with a decay rate of 1.26 mA cm-2 h-1. After around 40 hours, the degradation rate 

became minimal. For comparison, a Fe-N-C catalyst with well-defined FeN4 sites reported by our 

group was tested under the same condition (Figure 6f).11 The Fe-N-C catalyst exhibited a much 

faster degradation rate, which is more than twice that of the Mn catalysts. The fast degradation at 

the initial phase can be mainly attributed to the metal leaching caused by bond breaking between 

the metal center and adjacent nitrogen atoms. The much faster degradation of the Fe-N-C catalyst 

was associated with the fragile nature of the Fe-N bond as elucidated by using DFT studies. The 

new Mn-N-C catalyst could be more durable than Fe-N-C catalysts due to the robust nature of 

MnN4 sites as well as enhanced resistance of carbon corrosion. By comparing the carbon structure 

of those Mn- and Fe-N-C catalysts, a more predominantly graphitic carbon structure was observed 

for the Mn-N-C catalyst (Figure S27).  

The durability issue is the grand challenge for M-N-C catalysts compared with PGM catalysts, 

especially at high voltages (>0.6 V). The possible causes of M-N-C catalyst degradation were 

studied in fuel cell cathodes, including the dissolution of MN4 active sites, carbon oxidation, and 

the collapse of the three-phase boundary. Based on these mechanisms, the correlated efforts should 

be focused on the enhancement of the M-N bond by modifying the coordination environment and 

improvement of carbon materials by increasing the graphitic structure at both atomic and 

macroscopic levels.63-64 Moreover, the MEA fabrication techniques can mitigate the performance 

loss by effectively creating robust three-phase interfaces. 
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3. Conclusions. 

In summary, a new atomically dispersed Mn-N-C ORR catalyst was developed by using an 

aqueous solution synthesis method via a two-step doping-adsorption approach. Distinguished from 

prior studies, the effective acid-assisted aqueous solution method combined with a step-pyrolysis 

(800 oC and 1100 oC) enables curved surface and porous structures of the Mn-N-C catalyst. In 

addition to low-cost and environmental feasibility, aqueous synthesis leads to an extremely high 

surface area of the Mn catalysts (1511 m2 g-1), which is favorable for hosting atomically dispersed 

single metal sites.  

The atomically dispersed nitrogen-coordinated Mn sites were directly visualized and verified 

by using HAADF-STEM coupled with EELS at the atomic level. XAS results indicated that the 

Mn ions had a 2+ valence and were coordinated by four N atoms. Remarkable activity and stability 

of the Mn-N-C catalyst were first confirmed by using RDE in acidic media. The enhanced stability 

is due to the robust nature of the MnN4 structure and the high corrosion resistance of its graphitic 

carbon structure. Additionally, this enhanced stability of MnN4 was also elucidated by using DFT 

calculations, in which MnN4 showed higher resistance to metal leaching than FeN4. The Mn-N-C 

cathode catalysts also demonstrated promising fuel cell performance in MEAs. The maximum 

power density for this catalyst was 0.39 W cm-2 under practical H2-air conditions representing the 

most promising Fe- and PGM-free cathode catalysts. The improved MEA stability of the Mn-N-C 

catalyst was also observed via a constant voltage test under realistic H2-air conditions.  

One of the unique features of the Mn-N-C catalyst is the curved surface morphology, which can 

provide increased external surface and abundant mesopores/macropores. Moreover, the graphitic 

structure in the catalyst significantly enhances carbon corrosion resistance during the ORR, thus 

leading to improved stability when compared to other M-N-C catalysts. This work highlights that 
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the atomic MnN4 site catalyst can be prepared from the environmentally benign aqueous solution 

with remarkable activity and stability. The atomically dispersed Mn-N-C catalyst, free of Fe and 

PGMs, holds great promise for future PEMFCs and other advanced electrocatalysis such as CO2 

reduction65 and nitrogen reduction.66  
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