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Broader Context 

Fuel cell electric vehicles (FCV) are considered the most promising and utmost solution for electric 

transportation. The membrane electrode assembly (MEA) is the key component in fuel cells, 

governing their cost, performance, and durability. A successful MEA for heavy-duty vehicles 

should have >65% energy efficiency and 25,000 hour durability while limiting the platinum group 

metal (PGM) loading to 0.3 mg/cm2. One of the critical issues of current MEAs is the lack of 

highly active and stable catalysts to efficiently catalyze the kinetically sluggish oxygen reduction 

reaction (ORR) at the cathode. Carbon-supported PtCo alloy nanoparticles are the typical PGM 

catalysts used for commercial fuel cell vehicles. High PGM loadings are required to mitigate their 

fast degradation. Alternatively, the atomically dispersed Fe-N-C catalysts have become the most 

promising PGM-free catalysts, but have not fully succeeded yet due to their unsatisfactory long-

term durability. Here, we discovered a possible synergy between PGM and PGM-free active sites 

and developed an effective strategy to integrate them into one catalyst, showing significantly 

enhanced MEA performance and durability while reducing PGM loading. The approach provides 

a new opportunity to design advanced catalysts for FCVs and explore possible synergy 

among different active sites for critical electrocatalysis processes. 

Abstract: Significantly reducing platinum group metal (PGM) loading while improving catalytic 

performance and durability is critical to accelerating proton-exchange membrane fuel cells 
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(PEMFCs) for transportation. Here we report an effective strategy to boost PGM catalysts through 

integrating PGM-free atomically-dispersed single metal active sites in the carbon support toward 

the cathode oxygen reduction reaction (ORR). We achieved uniform and fine Pt nanoparticle (NP) 

(~2 nm) dispersion on an already highly ORR-active FeN4 site-rich carbon support (FeN4-C). 

Furthermore, we discovered an effective approach to preparing a well-dispersed and highly 

ordered L12 Pt3Co intermetallic nanoparticle catalyst on the FeN4-C support. DFT calculations 

predicted a synergistic interaction between Pt clusters and surrounding FeN4 sites through 

weakening O2 adsorption by 0.15 eV on Pt sites, thereby enhancing the intrinsic activity of Pt. 

Experimentally, we verified the synergistic effect between Pt or Pt3Co NPs and FeN4 sites, leading 

to significantly enhanced ORR activity and stability. Especially in a membrane electrode assembly 

(MEA) with a low cathode Pt loading (0.1 mgPt/cm2), the Pt/FeN4-C catalyst without alloying 

achieved a mass activity of 0.451 A/mgPt and retained 80% of the initial values after 30,000 voltage 

cycles (0.6 to 0.95 V), exceeding DOE 2020 targets. Furthermore, the Pt3Co/FeN4 catalyst 

achieved significantly enhanced performance and durability concerning initial mass activity (0.72 

and A/mgPt), power density (824 mW/cm2 at 0.67 V), and stability (23 mV loss at 1.0 A /cm2). 

The approach to exploring the synergy between Pt and Fe-N-C catalysts provides a new 

opportunity to design advanced catalysts for various electrocatalysis processes. 

1. Introduction

Effective and durable catalysts are desperately demanded to minimize electrochemical activation 

overpotentials for the oxygen reduction reaction (ORR) cathode to promote energy conversion 

efficiency in proton-exchange membrane fuel cells (PEMFCs) for transportation. Platinum (Pt) is 

the only metal catalyst showing promising performance and durability in challenging acidic 
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media.1-3 Unfortunately, the high cost and scarcity of Pt limit the large-scale deployment of fuel 

cell electric vehicles (FCV), which has driven intensive efforts to reduce Pt content in ORR 

catalysts via two approaches.4, 5 The first strategy is to alloy Pt with a first-row transition metal 

(M), such as Co,6, 7 Ni,8-12 and Fe.13, 14 With a smaller atomic radius, incorporating M atoms in the 

Pt-based alloy brings beneficial strain and alloy effects that are significant to weaken 

O2/intermediates adsorption and improve intrinsic ORR activity.15, 16 Although some PtNi alloy 

catalysts exhibited higher intrinsic activity than others,8, 17 they are not stable during the ORR and 

suffer from severe activity degradation due to the possible phase separation. Therefore, PtCo alloys 

are currently the most promising system to design advanced fuel cell catalysts.18 

Compared to the common solid solution A1-structure, certain PtCo alloys with specific Pt/Co 

compositions can form ordered intermetallic structures, including the cubic L12 (Pt3Co) or the 

tetragonal L10 (PtCo). The ordered intermetallic structure is attributed to the negative enthalpy 

change often derived from a strong 3d-5d orbital interaction between Co and Pt, which enables 

stabilization of Co.19 Compared to traditional fcc Pt alloys, the ordered intermetallic structure 

results in less M leaching and improved stability under acidic fuel cell conditions.20, 21 Unlike the 

disordered A1-structure, the cubic L12 and the tetragonal L10 structures usually are obtained by 

thermal annealing at high temperatures (>700°C). However, nanoparticle (NP) agglomeration at 

such high temperatures results in large particle sizes, which cannot provide adequate 

electrochemically active surface areas (ECSAs) for high catalytic mass activity.19 Therefore, 

preparing highly ordered PtCo intermetallic NPs while maintaining sufficiently fine particle sizes 

remains a grand challenge.21  

Another approach is to develop platinum group metal (PGM)-free catalysts. Currently, the 

most promising PGM-free catalysts are atomically dispersed metal (M: Fe and Co) single sites 
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coordinated with nitrogen and embedded in carbon (M-N-C).22-26 The most promising M-N-C 

catalysts are derived from Fe and zeolitic imidazolate framework-8 (ZIF-8) precursors, 

demonstrating encouraging ORR activity approaching Pt catalysts.27-29 The nitrogen coordinated 

single metal sites (i.e., FeN4) are believed the ORR active sites and atomically dispersed 

throughout the carbon. However, their insufficient long-term stability (up to 5000 hours) under 

PEMFC operations is a fatal drawback, placing the development of PGM-free catalysts as high-

risk research.30 Nevertheless, such an active carbon-based Fe-N-C catalyst could be desirable to 

disperse Pt or Pt alloy NPs, providing additional PGM-free active sites to reduce Pt loading in the 

ORR cathode. Furthermore, the dominant N dopants and porosity in the Fe-N-C carbon support 

could stabilize Pt NPs with strengthened metal-support interactions.31, 32 Importantly, the possible 

synergy between Pt and atomically dispersed MN4 sites could further lead to performance 

enhancement.33, 34 Recently, we have developed a new class of highly active Fe-N-C catalyst, 

consisting of atomically dispersed FeN4 sites (0.5 at.% Fe) embedded in carbon (96 at.%).28 In 

addition to the compelling ORR activity in the acidic electrolyte (half-wave potential E1/2 =0.87 

V),27, 28 its hierarchical pore structure, high surface area, adjustable particle sizes, and nitrogen 

dopants (3-4 at%) are the essential features in carbon supports for Pt and PtCo alloy catalysts. 

Here, we report an effective approach to designing hybrid ORR catalysts by integrating 

PGM NPs and the FeN4 site-rich Fe-N-C carbon denoted as Pt/FeN4-C or PtCo/FeN4-C. A Fe-free 

nitrogen-doped carbon (NC) and a CoN4-C support derived from ZIF-8 and cobalt-doped ZIF-8 

precursors, respectively, were also studied. The aim is to justify the effectiveness of FeN4 sites in 

carbon to dramatically enhance Pt and PtCo catalyst performance. Furthermore, during the 

synthesis of PtCo/FeN4-C catalysts, we developed an effective approach to preparing L12 Pt3Co 

intermetallic structures through controlled high-temperature annealing treatments. The favorable 
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porous carbon structure and abundant nitrogen dopants in the FeN4-C enable a uniform and fine 

Pt and Pt3Co NP distribution. Unlike large particle sizes of ordered PtCo intermetallic reported 

before, the use of the FeN4 site-rich Fe-N-C carbon can effectively retain a desirable particle size 

(3-4 nm) while achieving an ordered structure during a high-temperature annealing treatment. The 

Pt/FeN4-C and Pt-Co/FeN4-C catalysts show excellent performance and durability in rotating disk 

electrode (RDE) and membrane electrode assembly (MEA) studies. Unlike traditional carbon 

black-supported Pt (Pt/C), the Pt/FeN4-C-based MEA with a low cathode loading of 0.1 mgPt/cm2 

achieved significantly improved ORR mass activity (MA) of 0.451 A/mgPt and retained 80% of 

the initial value after 30,000 voltage cycles during the catalyst accelerated stress test (AST), 

exceeding the DOE 2020 targets even without using an alloy. Furthermore, the Pt3Co/FeN4-C-

based MEA with the same Pt loading achieved much higher ORR mass activities of 0.72 A/mgPt. 

The Pt3Co/FeN4 catalyst reached a power density of 824 mW/cm2 at 0.67 V and only lost 23 mV 

at 1.0 A /cm2 after the standard catalyst AST (30,000 cycles). DFT calculations further elucidated 

the possible synergistic mechanism between Pt and FeN4 sites in terms of the enhanced intrinsic 

activity of Pt due to weakened O2 adsorption energy and reduced activation energy to break O-O 

bonds during the ORR. The promotional role of the FeN4 site in boosting the activity and stability 

of Pt catalysts presented an effective strategy to design high-performance low-PGM catalysts and 

electrodes in PEMFCs for transportation.  

2. Results and Discussion  

2.1. Catalysts Synthesis and Structures 

We have developed promising Fe-N-C catalysts containing highly active FeN4 sites through 

multiple effective methods.35 Here, we used a chemical doping of Fe3+ ions into ZIF-8 nanocrystals 

and partially replaced Zn to form Fe-N4 coordination followed by subsequent pyrolysis in an Ar 
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atmosphere to convert the Fe-doped ZIF-8 to FeN4 active sites uniformly dispersed into partially 

graphitized carbon.28 The carbon phase, derived from the hydrocarbon in ZIF-8, is partially 

graphitized and has a surface area up to 700 m2/g, containing atomically dispersed FeN4 sites with 

a significant micropore volume connected to hierarchical porous structures. More importantly, the 

carbon particle size can be easily tuned during the synthesis, ranging from 20 to 1000 nm,27 which 

provides an excellent opportunity to design electrode structures in MEAs. Therefore, we applied 

the FeN4 site-rich carbon (FeN4-C) to synthesize Pt and PtCo catalysts. The degree of the 

graphitization of carbon support is critical to Pt catalyst stability.36 Thus, unlike traditional Fe-N-

C catalysts with significant amorphous carbon, we further prolonged the pyrolysis duration from 

one to three hours at 1100 oC to graphitize the FeN4-C, aiming to increase catalyst stability. The 

graphitized layer structure of the FeN4-C is apparent in the corresponding STEM images (Figure 

S1a and S2) and further verified from a sharp (002) peak in XRD patterns and well-separated D 

(~1339 cm-1) and G (~1589 cm-1) peaks along with the appearance of a 2D (~2700 cm-1) peak in 

Raman spectra (Figure S1b and S3). The high ORR activity of the FeN4-C is confirmed with an 

E1/2 of 0.87 V vs. RHE in RDE testing under the conditions of 0.6 mg/cm2 loading, 900 rpm, and 

25 oC in 0.5 M H2SO4. The abundant and uniform distribution of nitrogen dopants and single Fe 

sites are throughout the FeN4-C shown in mapping images (Figure S4). Therefore, the nitrogen 

species are well preserved in the carbon even after a prolonged pyrolysis, corresponding to its high 

ORR activity.37 

During the subsequent Pt deposition, we developed an impregnation method with freeze-

drying to disperse Pt NPs on the FeN4-C support. A forming gas (5% H2 in Ar) was applied as a 

reductant at 200 oC to prepare the Pt/FeN4-C catalyst. This method minimizes the possible damage 

of FeN4 sites by avoiding a complicated wet chemistry synthesis.38 This catalyst synthesis scheme 
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is illustrated in Figures 1a and 1b. Atomically dispersed FeN4 sites, shown as single bright spots 

(Figure S1a), can be observed in the FeN4-C carbon support. After the Pt deposition, Pt NPs with 

a uniform particle size around 2.4 nm (Figure 1d and S5a) co-exist with FeN4 sites embedded in 

carbon (Figure 1c and 1e). These isolated single metal sites are identified to co-exist with N at the 

atomic level (Figure 1e and f) verified using electron energy-loss spectroscopy (EELS). This is a 

typical feature of atomically dispersed single Fe site catalysts, likely in FeN4 active sites.28, 29, 39-41 

These atomic FeN4 sites are abundant and can be clearly distinguished in the carbon support with 

uniform dispersion (Figure S6). The STEM-EDX mapping of the Pt/FeN4-C in Figure S7 showed 

relatively separate existence of Pt and Fe with a small portion of Fe sites around the Pt NPs. Fe-

based aggregates were not observed in the catalyst.  
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Figure 1. (a). A synthesis scheme of this FeN4-C derived carbon-supported Pt or PtCo catalysts. 

(b). Schematics of Pt/FeN4-C (Pt-Co/FeN4-C) catalysts, showing coexistence of Pt-based NPs and 

FeN4 PGM-free active sites. (c-e) STEM images of the Pt/FeN4-C catalyst showing the uniform 

distribution of Pt nanoparticles and the coexistence with FeN4 sites (f) EELS analysis of the 

elemental composition were provided for the circled little bright spots in (e). 

 

PtCo intermetallic NP catalysts represent one of the most active ORR catalysts.18 Recent 

work on intermetallic PtCo NPs has demonstrated that two types of intermetallic ordered structures 

(i.e., L10 PtCo and L12 Pt3Co) can improve the performance and durability.4, 7, 21, 34 We discovered 

that the atmosphere employed during the annealing could control the obtained intermetallic 

ordered structures. The Ar flow is favorable for L12 Pt3Co, while the forming gas assists the 

formation of L10 PtCo (Figure 2a). However, the L12 Pt3Co catalyst exhibited enhanced MEA 

performance and similar durability compared to the L10 PtCo. Here, we only reported the relevant 

results for the L12 Pt3Co catalyst. Therefore, we integrated Pt3Co intermetallic NPs with the active 

FeN4-C support using an impregnation method followed by a reduction under forming gas at 200 

oC. Then, we performed second-step annealing at 650°C under Ar atmosphere to prepare the L12 

(Pt3Co) intermetallic structure, which was confirmed using XRD (Figure 2b). Excess Co could 

behave as an obstacle to the formation of NP agglomerates during the annealing and can be easily 

removed using subsequent acid treatment. This new method enables effective control of L12 (Pt3Co) 

intermetallic structures on the FeN4-C support with a fine particle dispersion. 

High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) was used to further study the structures of Pt3Co NPs. Significant atomic number 

difference between Co (Z = 27) and Pt (Z = 78) enables clear visualization of atomic ordering in 

bimetallic Pt-Co NPs through the atomic number (Z) contrast imaging.42 Figure 2c shows a typical 

L12 Pt3Co NP viewed along the (001) direction, exhibiting face-centered cubic crystal structure 
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with Pt: Co in a 3:1 ratio. Pt shell structures for the Pt3Co catalysts are apparent after an acid 

leaching process, demonstrating a structure known to be highly active for the ORR.6 Pt3Co NPs 

are surrounded by FeN4 sites at the atomic scale (Figure 2d), indicating their close location for a 

possible synergistic effect to boost the ORR. In a STEM image with low magnification, L12 Pt-Co 

NPs with an average particle size of 4.2 nm are uniformly dispersed on the FeN4-C carbon support. 

(Figure 2e and S5). We speculate that the small particle sizes with narrow distribution result from 

the favorable porous structure and abundant FeN4 sites in the carbon support (Figure S8), 

generating electronic confinement effects on Pt-Co NPs and restraining their particle 

agglomeration during the annealing.43  

 

Figure 2. (a) Illustration of Pt3Co(L12) intermetallic structures synthesis. (b) XRD spectra of two 

different catalysts. The STEM image of a Pt3Co/FeN4-C NP showing the corresponding core-shell 
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ordering structures and NPs distribution (c). The HAADF-STEM image of the Pt3Co/FeN4-C 

catalyst showing the coexistence of intermetallic NPs and FeN4 sites and the EELS analysis of the 

elemental composition were provided for the circled small bright spot in the (d). The STEM image 

shows uniform Pt3Co NP dispersion with an average size of 4.2 nm on the FeN4-C support (e). 

 

Figure 3. X-ray photoelectron spectroscopy analysis of (a) Pt 4f, (b) N 1s, and (c) Fe 2p for various 

studied Pt-based catalysts. (d). X-ray scattering curves in the small-angle (SAXS) region, (e). 

Metal particle volume distributions obtained from SAXS data fits, and (f). Wide-angle X-ray 

scattering (WAXS) curves for the Pt/FeN4-C and the Pt3Co/FeN4-C.  

 

We also investigated the FeN4-C supported Pt and Pt3Co catalysts' electronic structures 

using X-ray photoelectron spectroscopy (XPS). Possible electron transfer from Pt to the FeN4-C 

support causes a positive shift in the Pt 4f binding energy in the Pt/FeN4-C catalyst (Figure 3a) 

compared to conventional Pt/C. FeN4 sites embedded carbon, behaving electronegatively, can 

modify the electronic structure of adjacent carbon. The resultant electron deficiency of carbon 
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likely strengthens the Pt NP deposition and enhances the metal-support interactions.36, 44 The 

similar strengthening effect was observed for the Pt3Co intermetallic NP, evidenced by a further 

positive shift of Pt 4f binding energy than the Pt/FeN4-C. Due to the incorporation of Co, these 

positive shifts of Pt 4f binding energy could be partially caused by the interaction among Pt and 

Co, along with the introduced strain effects.45 34, 46, 47 Metallic Co0 has a high content than Co2+ 

species in the Pt3Co/FeN4-C (Figure S9). In addition, abundant nitrogen defects in the carbon 

support may coordinate with Co species during the annealing process.48-51 As for the N 1s XPS, 

both Pt and Pt-Co catalysts demonstrated abundant pyridinic N (398.6 eV), graphitic N (401.1 eV), 

and the possible Fe-N (399.6 eV) content, which is consistent with the FeN4-C support (Figure 

3b). Pyridinic N and Fe-N bonds are generally evidenced to be the formation of FeN4 active sites 

(Figure 3c), indicating that the FeN4 active sites in supports are well preserved for all the 

corresponding Pt or Pt3Co catalysts consistent with the STEM images. 

The small-angle X-ray scattering (SAXS) regions of the X-ray scattering curves are shown 

in Figure 3d.  The most prominent feature of these curves is the scattering feature in the 0.04 to 

0.6 Å-1 region, attributed to scattering from metal particles.  The scattering in this region was fit to 

yield the particle size distributions shown in Figure 3e. These data show that as-prepared catalysts 

have narrow and substantially mono-modal particle size distributions with mean diameters less 

than 2 nm. The wide-angle X-ray scattering (WAXS) regions of the X-ray scattering curves are 

shown in Figure 3f. The WAXS curves show peaks attributed to scattering from the (111), (200), 

(220), and (311) planes. As illustrated in Figure 3f, incorporating Co into the catalyst causes a shift 

of all scattering peaks to larger two-theta values relative to the scattering peaks observed for the 

Pt/FeN4-C indicative of lattice compression due to the incorporation of smaller Co atoms.  Also 

evident in Figure 3f is scattering from the (110) plane indicative of the presence of the L12 Pt3Co 
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ordered intermetallic phase.52 As discussed by Xiong et al.,52 the ratio of the area of the (110) peak 

to the sum of the areas of the (111) and (200) peaks can be used to estimate the volume fraction of 

Pt3Co comprising the ordered intermetallic phase versus the solid solution phase. This calculation 

for the peak areas of the Pt3Co/FeN4-C catalyst (Figure 3f) and comparison with the plot of 

I110/(I111+I200)
53 indicates that approximately 25% of the Pt3Co is in the L12 phase. Further 

optimizing Pt: Co ratios and the annealing temperature and duration is critical to increasing ordered 

structures for enhanced catalytic activity and stability. 

2.2. ORR activity and stability in aqueous acidic electrolytes  

We evaluated the ORR activity and stability of FeN4-C supported Pt and Pt3Co catalysts in 0.1 M 

HClO4 electrolyte using the RRDE method (Figure 4a). The Pt weight fraction (20 wt.%) in both 

Pt and Pt3Co catalysts was verified by using thermogravimetric analysis (TGA) to accurately 

determine the Pt loading during electrochemical measurements (Figure S10). The Pt/FeN4-C 

catalyst showed enhanced performance with an E1/2 of 0.9 V vs. RHE (60 µgPt/cm2, 1600 rpm, 25 

oC, and 0.1 M HClO4) and mass activity (MA) of 0.57 A/mgPt at 0.9 V vs. RHE, superior to a 

commercial Pt/Vulcan Carbon (Pt/C) catalysts (TEC10V20E from TKK) (E1/2
: 0.87 V and 0.242 

A/mgPt). Hence, the enhanced activity suggested that the FeN4 active sites in the support may 

promote the Pt/FeN4-C catalyst due to either mass or intrinsic activity improvements or both. 

Furthermore, the Pt3Co/FeN4-C catalyst exhibited outstanding catalytic activity with E1/2 of around 

0.95 V vs. RHE. Notably, unlike the Pt3Co/FeN4-C catalyst, additional acidic treatment cannot 

further enhance the activity of the Pt/FeN4-C catalyst. Although the Pt/FeN4-C catalyst exhibited 

higher electrochemically-active surface area ECSA (72.2 m2/g) than the Pt/C (55.1 m2/g) and 

Pt3Co catalysts (49.7 m2/g) (Figure 4b), the Pt3Co/FeN4-C catalyst is more active due to the high 

intrinsic activity of Pt3Co vs. Pt. A similar trend was also observed in other studies,54 showing 
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PtM/C catalysts often exhibit relatively lower ECSA value but much-enhanced activity relative to 

Pt/C catalysts. 

Figure 4c compares the measured specific activities (SA) and MA for the Pt3Co/FeN4-C (SA 

3.98 mA/cm2
Pt; MA: 1.34 mA/μgPt), representing one of the most active PGM catalysts.4 We 

employed the underpotential hydrogen adsorption/desorption (HAD) reaction using cyclic 

voltammetry to determine ECSA rather than CO stripping experiments. However, it may 

underestimate the real ECSA by the factor of 1.5 due to the suppression in HAD on small Pt NPs 

(2-3 nm) of these catalysts primarily attributed to the changes in surface-structure-sensitive 

adsorption caused by a possible ensemble effect.55 Both the Pt/FeN4-C and Pt3Co/FeN4-C catalyst 

showed an insignificant yield of H2O2 below 0.25% at the full potential range (Figure S11). Thus, 

the four-electron pathway is dominant on these studied Pt and Pt3Co catalysts during the ORR. 

Figure 4. (a) ORR polarization plots for FeN4-C supported Pt and Pt3Co catalysts and commercial 

Pt/C catalyst. (b) The corresponding CV plots and the corresponding ECSA, and (c) the 

corresponding mass activities and specific activities at 0.9 V after IR correction. RDE potential 
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cycling stability tests for (d) the Pt/NC, (e) the Pt/FeN4-C, and (f) the Pt3Co/FeN4-C catalysts in 

the potential range of 0.6–1.0 V. 

 

 

The stability for all studied catalysts was evaluated in an acidic electrolyte using RDE. 

Compared to a Pt/C catalyst (TEC10V20E) (Figure 4d), the Pt/FeN4-C catalyst exhibited superior 

stability during accelerated stress tests (ASTs) under 30000 potential cycles from 0.6 to 1.0 V at 

60oC (Figure 4e). Besides FeN4 active sites, atomically-dispersed CoN4 sites and metal-free N-

doped carbon are also identified as promising PGM-free catalyst supports.50, 51 Compared with the 

Pt/CoN4-C and the Pt/NC, the Pt/Fe4N-C exhibited enhanced catalytic activity. Most importantly, 

unlike the apparent activity loss observed with the Pt/CoN4 and the Pt/NC catalysts, there is almost 

no decline for the Pt/FeN4-C after the AST (Figure S12). The enhanced stability is likely due to 

the strengthened metal-support interactions originating from abundant FeN4 sites in the highly 

graphitized carbon (Figure S13). Also, the change of double-layer capacitance (0.4 to 0.6 V) for 

the Pt/FeN4-C catalyst after the long-term AST in RDE is insignificant (Figure S14), indicating 

the robust carbon structure of the Pt/FeN4-C catalyst. Although the Pt3Co/FeN4-C presents 

outstanding activity, its degradation of around 30 mV in E1/2 was observed during the AST stability 

at 60 °C in 0.1 M HClO4 electrolyte (Figure 4f). In agreement with Pt catalysts, the FeN4-C-

supported PtCo catalysts showed enhanced stability relative to the CoN4-C and NC-supported 

catalysts (Figure S15), further confirming the strong interaction provided by FeN4 active sites in 

the carbon.  

2.3. MEA Tests in Fuel Cells 

We further evaluated the catalyst performance in fuel cell environments, which involves 

incorporating the catalyst with solid-state ionomer for proton-conduction and the formation of 
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porous electrode structures. We tested different FeN4-C-supported Pt and Pt3Co catalysts as the 

cathode in MEAs (Pt loadings at the anode and cathode are 0.1 mgPt/cm2) under H2-air (Figure 5) 

by using a 5 cm2 differential cells containing 14 parallel flow channels. Our previous MEA studies 

on PGM-free catalysts indicated that the particle size of FeN4-C carbon significantly affects the 

catalyst MEA performance.56 Therefore, we deposited Pt NPs onto FeN4-C carbon supports with 

various sizes of 50, 100, and 200 nm, and evaluated their MEA performances. Results shown in 

Figure 5a indicate that the 100 nm FeN4-C supported Pt catalyst significantly outperforms the 

others, achieving a much higher current density throughout the entire voltage range. The 

performance differences may be attributed to the corresponding ionomer dispersion and mass 

transport limitation in different pore structures resulting from different primary carbon particle 

sizes (Figure S16 and Table S1). Our previous studies using nano-CT imaging on PGM-free Fe-

N-C catalysts indicated that the 100 nm carbon particle size leads to uniform ionomer dispersion 

with the least proton resistance.56 

Based on the optimal 100 nm FeN4-C support, we compared the MEA performance of the 

Pt/FeN4-C and the Pt3Co/FeN4-C catalysts with a commercial Pt/C catalyst, as shown in Figure 

5b. The Pt/FeN4-C demonstrated a much higher current density than the commercial Pt/C in the 

typical operating voltage range (>0.6 V). The corresponding MEA generated a MA at 0.9 V of 

0.45 A/mgPt exceeding the DOE target of 0.44 mA/mgPt even without using PtM alloys. The 

generated current densities at 0.67 V (1.02 A/cm2) and 0.80 V (0. 252 A/cm2) are much higher 

than the Pt/Vulcan (0.77 A/cm2 at 0.67 V and 0.10 A/cm2 at 0.80 V). The newly achieved MEA 

performance using the Pt/FeN4 cathode catalyst is exceptional, comparable with most of the Pt 

alloy catalysts published.7, 20 Notably, the much-enhanced mass activity at 0.9 V may not be 

directly contributed by the FeN4 active sites in the support. However, the synergistic effect 
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originating from FeN4 may boost the intrinsic activity of Pt sites, as discussed in the following 

section in detail. 

In good agreement with RDE tests in acidic electrolytes, the Pt3Co/FeN4-C catalyst 

performs much better in MEAs than the Pt/FeN4-C catalyst. The Pt3Co/FeN4-C cathode exhibited 

excellent MA at 0.9 V of 0.72 A/mgPt relative to the DOE target (0.440 mA/mgPt). The Pt3Co/FeN4-

C catalysts generated 0.355 A/cm2 at 0.8 V, exceeding the DOE target of 300 mA/cm2. At the 

critical voltage of 0.67 V, the MEA yielded 1.23 A/cm2, corresponding to power densities of 824 

mW/cm2. However, compared with the commercial Pt/C catalysts, these FeN4-C supported Pt and 

Pt3Co catalysts exhibited lower performance at a high current density range. The large volume of 

micropores in the ZIF-8 derived carbon structure is likely flooded by water, causing mass transport 

limitations. Increasing mesopore with optimal hydrophobicity for the FeN4-C support is crucial 

for mitigating water flooding and improving performance.  

These Pt and PtCo catalysts were also subjected to AST for 30000 voltage cycles from 0.6 

to 0.95 V with a 0.5 s rise time and 2.5 s dwell time at each potential under H2/N2 atmosphere. 

Compared to the Pt/C with 127 mV loss (Figures 5c), the Pt/FeN4-C exhibited superior stability 

during AST, with only 5 mV loss at 1.0 A/cm2 and 20% loss in MA at 0.9 V (Figure 5d), 

significantly exceeding the DOE targets of 30 mV and 40% MA loss. Likewise, the Pt3Co/FeN4-

C catalyst displayed good stability in the MEA with corresponding voltage losses of 23 mV at 1.0 

A/cm2 and 21 mV at 0.8 A/cm2, exceeding the DOE stability target (30 mV loss) (Figure 5e). 

Unlike the RDE results at 60oC, the Pt3Co/FeN4-C MEA exhibited slightly better stability 

concerning mass activity loss at 0.9 V (from 0.72 to 0.44 A/mgPt, -38%). This is possibly due to 

the relatively larger particle size of Pt3Co NPs, which are more stable in the fuel cell operating 

environment. For comparison, MAs and H2-air MEA durability for the Pt3Co/FeN4-C and the 
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Pt/FeN4-C catalyst are provided in Figure 5f and Table S2. Generally, Pt-based alloy exhibited 

higher activity but inferior stability compared to individual Pt catalysts due to the possible M 

leaching and the reconstruction of surface alloy structures. Engineering the particle size for an 

optimal activity-stability tradeoff is critical to the Pt3Co/FeN4-C catalyst by extending the 

annealing duration or slightly increase the heating temperature for further enhanced durability. In 

addition, a robust Pt-shell for Pt3Co particles is also believed to mitigate the Co leaching,57 which 

can be realized by applying an acidic treatment followed by an annealing treatment. Further 

increasing the ordered degree of Pt3Co intermetallic particles is also critical for enhanced stability.  

 

Figure 5. (a) H2-air fuel cell polarization plots for different Pt catalysts supported on FeN4-C 

carbon supports with different sizes. (b) H2-air fuel cell polarization and power density plots for 

various catalysts supported on the 100 nm FeN4-C support. BOL and EOL fuel cell polarization 

and power density plots comparisons during voltage cycles (0.6-0.95V) for (c) the Pt/C(XC-72), 

(d) the Pt/FeN4-C, and (e) the Pt3Co/FeN4-C. (f) MEA MAs at 0.9 ViR-free before (solid) and after 

(hatched) 30k voltage cycles for these studied catalysts; DOE’s MA targets for before (green 
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dashed line, 0.44 A/mgPt) and after (red dashed line, 0.264 A/mgPt or 40% of the initial value) AST; 

Voltage loss at 0.8 A/cm2 were also indicated with DOE targets for less than 30 mV (solid magenta 

line).  

 

2.4. Catalyst degradation mechanisms and XAS study 

The morphology, structure, and chemical composition of aged FeN4-C supported PGM catalysts 

(i.e., after catalyst ASTs for 30,000 voltage cycles) were further studied using advanced electron 

microscopy and XAS analysis. As shown in Figure 6a-c, the Pt NP size and dispersion were well 

preserved after the AST without apparent agglomeration. These results supported our hypothesis 

that the existence of FeN4 sites in supports strengthens the metal-support interaction, leading to 

less Pt particle detachment and agglomeration. Also, the atomically dispersed FeN4 sites 

surrounding the Pt NP are well retained (Figure S17). The uniform distribution of Fe and N was 

further confirmed by using the EDX element mapping (Figure S18). It should be noted that the 

AST for PGM catalyst was performed under H2/N2 atmosphere, in which the possible 

demetallation of FeN4 sites is insignificant. Notably, the FeN4-C support used for Pt and Pt3Co 

catalysts exhibited significantly enhanced stability during the ORR compared to others.28 Our 

previous reports indicated that, after 30, 000 cycles from 0.6 to 1.0 V in O2 saturated 0.5 M H2SO4 

solution, the Fe-N-C catalyst only lost 26 mV, and the corresponding STEM/EELS analysis 

verified the coordination between Fe and N embedded in carbon particles after the AST.28  

Similarly, the coexistence of FeN4 sites and Pt3Co NPs remained in the AST-aged catalysts 

(Figure 6d-g). The ordered intermetallic L12 Pt3Co nanostructures with Pt thin skins were nearly 

unchanged, in good agreement with the observed high durability in MEA testing. However, the 

catalyst particles are observed to increase the mean diameter. The particle size distributions show 

tailing toward larger diameters and bi- and tri-modal distributions indicative of particle growth 
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(Figure 6h & i). The WAXS data for the aged catalyst from the tested MEAs (Figure 6j) shows 

two peaks for all reflections. One peak overlaps with those observed with the as-prepared catalyst 

at the two-theta value (Figure 3f). The other shifted to lower two-theta values (yellow arrows in 

Figure 6j) indicates the Co loss by a portion of the catalyst after the AST. The WAXS peaks for 

the scattering from the (111), (200), (220), and (311) planes were fit with Gaussian peaks. The 

two-theta values of the centroids of the fit peaks were utilized to calculate lattice spacings, nearest 

neighbor distances, and mole fractions of Pt and Co in the phases giving rise to the peaks (Table 

S3). The fitting result confirmed a Pt to Co molar ratio in the as-prepared Pt3Co/FeN4-C catalyst 

of 75:25, as expected. Notably, the ordered intermetallic lattice spacing of 40% Pt3Co NPs in the 

catalyst was relatively unaffected after the AST. However, the rest of NPs lost nearly all of the 

original lattice contraction (i.e., lost almost all Co from the lattice), likely due to relatively low 

ordered structures of Pt3Co NPs. Therefore, further increasing intermetallic ordered structures is 

crucial for improving catalyst stability in MEAs.  

XAFS spectra were processed and fit with the Demeter software package (Figure S19).58 

The results for Pt and Co for the Pt/FeN4-C and Pt3Co/FeN4-C catalyst powders and for the cathode 

catalyst layer of the AST-cycled Pt3Co/FeN4-C MEA, are shown in Tables S4 and S5, respectively. 

The results for a commercial Pt3Co/C catalyst (TEC 36V32) are also shown for comparison. Pt 

EXAFS were fit between 1.2 Å and 3.1 Å using Pt-O, Pt-Co, and Pt-Pt scattering paths calculated 

using feff version 6 (feff6, Rehr et al.59) (Tables S4). For the Pt/FeN4-C, the large Pt-O coordination 

number (NPt-O), as well as the Pt-Pt bond length contraction, indicate that the Pt particles are very 

small. Regarding the fits for the Pt3Co catalysts, for intermetallic Pt3Co, one would observe 4 Co 

and 8 Pt nearest neighbors around each Pt atom, and 12 Pt and 0 Co around each Co atom. 32% of 

the Pt-M bonds are Pt-Co in the commercial PtCo alloy standard (TEC 36V32), which is the correct 
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fraction for a Pt3Co solid solution. In principle, Pt3Co intermetallics are expected to have identical 

Pt-Co and Pt-Pt bond lengths, while traditional solid solutions show different Pt-Pt and Pt-Co 

lengths. TEC 36V32 Pt3Co catalyst has Pt-Co and Pt-Pt bond lengths that differ by 0.055 Å, 

indicating that the Pt3Co is a solid solution. The results are similar for Pt3Co/FeN4-C, with bond 

lengths that differ by 0.058 Å, although lower NPt-M indicates a smaller average particle size for 

this catalyst versus the TEC 36V32. The unexpected fitting results for the Pt3Co/FeN4-C catalyst 

are likely due to the relatively low ordered structures (25% determined by WAXS in Figure 3f) 

and the possible deformation of crystal lattices. The Pt-O coordination in each case is likely a 

surface oxide formed by post-synthesis exposure to air. The aged Pt3Co/FeN4-C catalyst showed 

increased NPt-M and lower NPt-O coordination numbers than the fresh one, indicating particle growth. 

It also showed a lower Pt-Co fraction, which suggests significant Co dissociation from Pt. In other 

words, there is a higher average Pt-Pt coordination in the aged catalysts. Increases in average Pt-

Pt bond length, up to +0.039 Å, correspond to larger particles with less cobalt, consistent with the 

changes in coordination number. It should be noted that Pt EXAFS cannot determine whether these 

changes are due to the growth of separate Pt-rich particles, loss of Co from the growing PtxCo 

particles, or a rearrangement of the atoms to form a core-shell structure.  

Furthermore, the Co K edge EXAFS results are shown in Table S5. Significant Co-Co 

coordination is observed at ~2.63 Å for the Pt3Co/FeN4-C, much longer than monometallic Co 

(R=2.507 Å) and shorter than Pt-Pt (~2.70 Å), offering further evidence of alloying over both 

intermetallic and a separate class of Co-rich nanoparticles. Thus, a fraction of the particles does 

consist of intermetallic Pt3Co, but significant Co is still in a traditional solid-solution alloy within 

the sensitivity of the EXAFS measurements. In addition, the Pt3Co/FeN4-C powder exhibited 

oxidation of a portion of the Co. Importantly, the Co-M and Co-O coordination numbers are the 
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same as the Pt-M and Pt-O coordination numbers suggesting that Pt and Co are similarly 

distributed between the surface and interior of the particles in the as-prepared powder. After the 

AST-cycled MEA, NCo-M does not increase as much as NPt-M suggesting that the processes 

responsible for the change in Co coordination are not in concert with those responsible for the Pt 

coordination change. One explanation is that a fraction of the Pt-rich particles has increased 

substantially in size, consistent with the increased average Pt-Pt bond length and the more 

significant Pt-Pt fraction. 

 

Figure 6. STEM and HAADF-STEM images and EELS analysis of the elemental composition of 

(a-c) the Pt/FeN4-C catalyst and (d-g) the Pt3Co/FeN4-C catalysts in MEAs after 30000 voltage 

cycles (0.6-0.95V) under an H2/N2 atmosphere. (h) X-ray scattering curves in the SAXS region; 
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(i) Metal particle volume distributions obtained from SAXS data fits and (j) WAXS curves for the 

Pt3Co/FeN4-C before and after 30000 voltage cycles (0.6-0.95 V) in an MEA. 

 

2.5. Theoretical studies of the synergy between FeN4 sites and Pt 

The first-principles density functional theory (DFT) calculations were performed to understand the 

synergy that MN4 (M: Fe or Co) and N sites in carbon modify catalytic properties of Pt sites. We 

constructed a computational model consisting of a thirteen-atom cuboctahedral Pt13 cluster and a 

graphene layer with a FeN4 (Pt/FeN4-C), a CoN4 (Pt/CoN4-C), an N4 moiety (Pt/NC), or no dopants 

(Pt/C). The optimized atomistic structures of Pt/FeN4-C, Pt/CoN4-C, Pt/NC, and Pt/C are shown 

in Figure 7a and Figure S20-21. We calculated the binding energy using these models, defined 

as the energy difference between the isolated and the corresponding adsorption systems (i.e., the 

Pt13 cluster and the doped carbon substrate). In Table S6, the DFT results show that the binding 

energies of the Pt/FeN4-C, Pt/CoN4-C, Pt/NC, and Pt/C systems are 4.23, 4.15, 3.43, and 2.43 eV, 

respectively. A more positive value of the binding energy indicates stronger interaction between 

the Pt cluster and carbon substrates. Consequently, FeN4 sites in carbon lead to the strongest 

binding for Pt clusters. 

To further distinguish the most favorable binding sites to a Pt NP, we performed the DFT 

calculations to predict the binding energy of a four-atom tetrahedral Pt4 cluster adsorbed on various 

graphene locations containing a FeN4 moiety (Figure 7b). The centroid of a Pt4 cluster prefers to 

be anchored on the top of the N site with a binding energy of 3.30 eV, compared to on the Fe site 

and C site with binding energies of 2.60 and 1.90 eV, respectively. Furthermore, Figure 7c shows 

that when the centroid of a Pt4 cluster is adsorbed on the N site of a FeN4 moiety, the Pt atoms in 

the Pt4 cluster could form a strong interaction with the central Fe site and the two C sites adjacent 
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to the N atom. The migration of Pt NPs on carbon leads to catalyst particle agglomeration 

associated with activity loss.2 Thus, the calculations predict that a FeN4 site in carbon could 

suppress the migration process of Pt NPs, which theoretically elucidated much-enhanced stability 

of the Pt/FeN4-C catalyst relative to the Pt/CoN4-C, Pt/NC, and Pt/C catalysts (Figure S10). 

Besides, we conducted the DFT calculations to investigate how the FeN4 site affects the 

intrinsic ORR activity of Pt sites. Previous studies once indicated that the Pt NP could assist the 

CoN4 site to break O-O bond, resulting in the enhancement of the CoN4 site’s ORR activity.34 

Besides, Ao et al. suggested that Pt(100) could enhance the ORR activity of FeN4 active site 

through tailoring local charge distribution near the FeN4 site33. These studies found that Pt will 

enhance the ORR activity at MN4 sites. However, our measured ORR activity on the Pt/FeN4-C, 

Pt/CoN4-C, and Pt/NC catalysts is much higher than PGM-free MN4 sites (Figure S22). Also, we 

compared the ORR activity of the Pt/FeN4-C and the FeN4-C carbon support at identical loadings 

(Figure S23). Significantly enhanced activity measured with the Pt/FeN4-C indicates that it is Pt, 

not FeN4 sites dominantly contribute to the ORR in the catalyst. Thus, we believe that the opposite 

effect is more reasonable, i.e., FeN4 sites enhancing the intrinsic activity of Pt sites. As shown in 

Figures S24 and S25, we constructed FeN4@Pt(111), CoN4@Pt(111), and N4@Pt(111) models 

consisting of an MN4 or an N moiety adsorbed at Pt(111) surface. The binding energy of O on the 

metal surface, e.g., Pt(111), denoted as ∆𝐸𝑜 − ∆𝐸𝑜
𝑃𝑡, is an adequate descriptor to evaluate the ORR 

activity.60 The volcano plot suggests that a metal surface that binds O with about 0.2 eV weaker 

than Pt(111) surface would have a maximum ORR activity. Here, the binding energies of O on the 

exposed Pt site of the FeN4@Pt(111), the CoN4@Pt(111), and the N4@Pt(111) were calculated to 

be 0.15, 0.13, and 0.12 eV weaker (Figure 7d), suggesting that all these PGM-free sites, especially 

the FeN4, could effectively enhance the intrinsic activity of the Pt(111) surface. The theoretical 
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calculations predicted a possible synergy between FeN4 sites in carbon and the anchored Pt sites 

for the ORR.  

Experimentally, we also verified the possible interaction between FeN4 sites and Pt. STEM 

images at the atomic level indicated that Pt nanoparticles coexist with FeN4 moieties in the 

immediate vicinity in the Pt/FeN4-C catalyst, likely generating electronic interactions due to their 

different electronegativity values. Besides, FeN4 sites embedded carbon can modify the electronic 

structure of adjacent carbon. The resultant electron deficiency of carbon likely strengthens the 

anchored Pt nanoparticle deposition and enhances the metal-support interactions. XPS analysis 

also confirmed the interaction due to significant positive shifts of Pt 4f peaks in the Pt/FeN4-C 

relative to a Pt/C. Therefore, the electron transfer between Pt and FeN4-rich carbon will likely 

weaken the O2/intermediate adsorption on Pt sites with enhanced intrinsic activity.  
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Figure 7. (a) Comparison of the calculated binding energies of a thirteen-atom Pt13 cluster 

adsorbed on a FeN4 moiety embedded in a graphene layer and an intact graphene layer. (b) 

Optimized atomic structures of a four-atom Pt4 cluster adsorbed on different locations of a FeN4 

moiety embedded in a graphene layer. (c) Charge density difference map showing significant 

charge transfer near Pt-C and Pt-Fe bond. The iso-surface level is 0.01 eV/Å3. Yellow and cyan 

represent electrons accumulation and depletion, respectively. (d) Optimized atomic structure of O 

adsorption on FeN4@Pt(111). The active site for ORR is marked with an adsorbed O atom. The 

black, blue, orange, red, white, and grey balls represent the C, N, Fe, O, H, and Pt atoms, 

respectively. 

 

 

Conclusions 

In summary, we demonstrated an effective strategy to design high-performance low-PGM fuel cell 

catalysts by integrating the highly stable Pt3Co intermetallic nanoparticle and the most promising 

PGM-free FeN4 site-rich carbon catalyst. The high surface area, porous morphology, controlled 
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graphitization degree, and adjustable carbon particle sizes are favorable for Pt and PtCo 

nanoparticle dispersion with uniform and narrow size distribution. Importantly, the dense FeN4 

sites in carbon support strengthen the interaction between Pt and carbon, thus significantly 

mitigating nanoparticle agglomeration and enhancing catalyst stability. Theoretical studies 

predicted that the FeN4 sites around the Pt sites could weaken the adsorption of O2 and 

intermediates by 0.15 eV close to the optimal value (0.20 eV), thus intrinsically improving the 

catalytic activity of Pt catalysts for the ORR.  

We synthesized the atomically dispersed FeN4 carbon-supported Pt and the ordered cubic 

L12 (Pt3Co) intermetallic catalysts. Compared to the common solid solution A1-structure, PtCo 

intermetallics with strong Pt-M interaction are particularly promising as new fuel cell catalysts due 

to their superior M-stabilization in the corrosive ORR conditions. Comprehensive RDE and MEA 

studies verified that the FeN4-rich carbon is superior to traditional nitrogen-doped carbon and 

carbon black concerning ORR activity and stability. In particular, the Pt/FeN4-C catalyst has 

achieved compelling activity and stability with 30 mV positive shift in half-wave potential relative 

to a Pt/C (i.e., Vulcan XC-72) catalyst and only 10 mV loss after 30k potential cycles. MEA 

performance further demonstrated outstanding mass activity at 0.9 V (0.45 A/mgPt) and durability 

(20% loss in MA at 0.9 V and 5 mV loss at 1.0 A/cm2 MEA studies), achieved the challenging 

DOE targets by using Pt even without alloying.  

The Pt3Co intermetallic catalyst on the FeN4-carbon achieved a high ORR activity with 

half-wave potentials above 0.95 V, representing one of the most active PGM catalysts. The 

Pt3Co/FeN4 MEA reached a power density of 824 mW/cm2 at 0.67 V and only lost 23 mV at 1.0 

A /cm2 after 30,000 voltage cycles in an MEA. Further optimizing electrode structures by 

optimizing ionomer/carbon ratios can balance ORR mass activity, power density, and durability. 
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Thus, the effective approach to leveraging the most promising PGM-free FeN4 sites in the design 

of ordered PtCo intermetallics for high-performance low-PGM catalysts should be one of new 

avenues to advance fuel cell catalyst technologies for transportation application. It should be noted 

that achieving the fully ordered intermetallic alloy structure while maintaining small particle size 

distribution are crucial for further improving catalyst durability but remains a grand challenge. 

During the synthesis, higher annealing temperatures and longer treating duration would facilitate 

the ordered structures but result in significant particle growth. Currently, it is still under debate 

whether the cubic L12 (Pt3Co) or the tetragonal L10 (PtCo) is more suitable for fuel cell 

applications concerning activity and stability trade-off.  
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