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Abstract: Phosphate poisoning of Pt electrocatalysts is one of the major barriers that constrains 

the performance of phosphric acid-doped polybenzimidazole (PA/PBI) membrane fuel cells. 

Herein, we developed new atomically dispersed bimetallic FeCu coordinated with 

nitrogen-doped carbon nanotubes (FeCu/N-CNTs) as Pt-free fuel cell oxygen reduction reaction 

(ORR) electrocatalysts. The cell with FeCu/N-CNTs cathodes delivers a peak power density of 

302 mWcm-2 at 230℃, similar to that using Pt/C electrocatalysts (1 mgPtcm-2) but with a much 

better stability. In contrast to phosphate poisoning of Pt/C, FeCu/N-CNTs show PA enhanced 

activities. DFT calcualtions indicate that phosphate promotion effect results from the stronger 

binding of phosphate on Cu sites, which decreases the activation energy barrier for the cleavage 

of the O2 double bond and provides local protons to facilitate the proton-coupled electron 

transfer ORR. The results also show that FeCu/N-CNTs have a much better activity for ORR as 
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comapre to Fe single atom catalysts coordinated with nitrogen-doped carbon nanotubes, 

Fe/N-CNTs. This study demonstrates the promising potential of bimetallic FeCu/N-CNTs as true 

Pt-free, highly active and durable cathodes of PA/PBI based high temperature polymer 

electrolyte fuel cells. 

Keywords: high temperature polymer electrolyte membrane fuel cells, phosphate promotion 

effect, atomically dispersed bimetallic FeCu catalysts, oxygen reduction reaction, Pt-free 

cathodes. 

 

1 Introduction 

Fuel cells such as polymer electrolyte membrane fuel cells (PEMFCs) are clean and efficient 

power sources that are applicable for portable electronic devices[1-3]. However, PEMFCs, 

running at temperatures lower than 100 oC using Nafion membranes are challenged by the 

system’s complexity for water and heat management, dependence on high purity hydrogen, and 

the high investment needed in hydrogen transportation and distribution infrastructures[4]. 

Another critical issue is the use of precious platinum (Pt) metal catalysts. Pt has very limited 

resources and the high cost and scarcity of precious Pt seriously limit the practical and wide 

application of Nafion membrane based low temperature PEMFCs technologies[5]. Increasing the 

operational temperature to over 100 oC, i.e., high temperature PEMFCs (HT-PEMFCs), will 

bring a number of advantages, such as improved reaction kinetics at both the cathode and anode, 

simplified water and heat management systems, significantly alleviated poisoning by CO, SO2, 

etc. These merits will allow the HT-PEMFCs to use reformed hydrogen from methanol or 
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ethanol on board without a need for CO clean-up, thus significantly reducing the capital 

investment in hydrogen transportation and filling station infrastructure [6-9].   

Due to the operation at elevated high temperature, phosphoric acid (H3PO4, PA) is the 

state-of-the-art proton carrier for PA doped polybenzimidazole (PA/PBI) membrane-based 

HT-PEMFCs[6, 10]. Similar to Nafion-membrane based low temperature PEMFCs, Pt is also the 

most common and popular electrocatalyst for the PA/PBI based HT-PEMFCs. However, 

phosphate ions adsorb strongly on the Pt surface and thus hinder the catalytic process, resulting 

in poor cell performance despite the high Pt loading applied[11-14]. He et al. studied the effect 

of PA on the electrochemical activity of Pt and found that the kinetic current for oxygen 

reduction reaction (ORR) decreases dramatically on Pt and PtSn electrocatalysts after the 

addition of a small amount of PA (i.e., 1 mM) into a perchloric acid solution[11]. Extensive 

in-operando X-ray absorption spectroscopy investigations on Pt/C fuel cell cathode catalysts 

showed the significant coverage of PA anions on the Pt surface at a wide cell voltage of 0.8-0.2 

V[14]. The adsorbed phosphate poisons the activity of Pt-based electrocatalysts and substantially 

retards the ORR kinetics, leading to the reduced performance and stability of PA/PBI 

membranes-based PEMFCs[11, 15-17]. Zhang et al observed the substantial agglomeration of Pt 

nanoparticles (NPs) of the Pt/C cathodes of PA/PBI membrane cells after operation at 200 oC for 

2000 h due to the strong adsorption of PA and the grain growth of Pt/C catalysts led to the 

significant degradation of the PA/PBI based membrane cells[18]. The poisoning of PA on the 

Pt-based electrocatalysts is one of the main reasons for the much lower power output of the 

PA/PBI based HT-PEMFC as compared to that of Nafion membrane based PEMFCs[6]. 

Nitrogen coordinated Fe single atoms have been generally recognized as one of the most 

promising alternatives to replace Pt-based catalysts in PEMFCs [19-24]. Fe single atom catalysts 



4 

 

(SACs) showed ORR performance close to Pt/C, but there is a concern of the potential structural 

damage of the Nafion membranes due to the leached Fe ions[22-25]. Most recently, we found 

that single-phased Fe SACs embedded in N-coordinated graphene (FeSAC-G) showed a better 

stability as compared to Pt/C catalysts, but the power output of the cells with FeSAC-G is lower 

than that using Pt/C electrocatalysts, tested at elevated temperature of 230 oC[26].  

Heme copper oxidases (HCOs), containing a heme that functions as oxygen binding sites 

and a closely associated copper that play the role to assist O=O double bonding breakage, is one 

of the most efficient oxidase that can directly reduce molecular O2 to water through 4-electron 

process[27]. This has led to the investigations in the integrated heme and copper center to obtain 

the high performance ORR catalysts by mimicking HCOs[28, 29]. The higher ORR activity has 

been attributed to the higher redox potential and rich electron density in the d orbital of copper 

[27]. Based on this principle, we designed new atomically dispersed bimetallic Fe and Cu atoms 

anchored on nitrogen doped carbon nanotubes (FeCu/N-CNTs) as Pt-free electrocatalysts for 

ORR in the PA/PBI membrane-based HT-PEMFCs. The results demonstrate for the first time 

that in contrast to the adsorption and poisoning of phosphate to Pt-based electrocatalysts, 

phosphate enhances the electrocatalytic activity of FeCu/N-CNTs for ORR. The experimental 

and theoretical investigation reveal that phosphate strongly binds on the atomic Cu sites, which 

facilitate the ORR reaction on the adjacent atomic iron sites. These findings provide a new 

direction in the design of new class of Pt-free electrocatalysts with high activity and stability for 

PA-based HT-PEMFCs. 

2 Experimental Section 

2.1 Materials synthesis  
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CNTs with diameter less than 8 nm were obtained from Nanostructured & Amorphous 

Materials, USA. CNTs (0.2 g) were dispersed in 200 mL HNO3 (68%, Alfa Aesar) by 

ultrasonication and refluxed at 160 oC for 12 h before being centrifuged at 5000 rpm. The solid 

powder was washed with DI water three times and denoted as O-CNTs. Atomically dispersed 

bimetallic Fe and Cu atoms anchored on nitrogen doped CNTs catalysts were synthesized 

through a soft-template method modified from our previous reported method for synthesis of 

single-phased Ni SACs embedded in N-CNTs[26]. Hemin porcine (HP, C34H32ClFeN4O4, 

Sigma-Aldrich), copper (II) acetylacetonate (CuAC, Cu(C5H7O2)2, Sigma Aldrich), 

dicyandiamide (C2H4N4, DICY, Sigma Aldrich) were purchased and used without further 

treatment. HP and CuAC were mixed with C2H8N2 (10 g) with the addition of 20 mL ethanol, 

followed by grinding till the mixture was dried. The addition of ethanol and grinding process was 

repeated for 4 times. Subsequently, the mixed powder was heated at 350 oC for 3 h and then at 

650 oC for 3 h before being heated at 900 oC for 1 h under Ar with a flow rate of 50 mL min-1. 

The as-synthesized black powder was washed with 2 M H2SO4 at 80 oC for three times to 

remove the metallic NPs which could be formed during the pyrolysis process. The as-synthesized 

bimetallic FeCu on nitrogen coordinated CNTs was denoted as FeCu/N-CNTs. The 

electrocatalysts embedded in N-CNTs with HP and CuAC with Fe:Cu atomic ratios of 8:1; 4:1, 

2:1, 1:1 and 1:0 were prepared and were denoted as FeCu(X:Y) with X:Y = 8:1, 4:1, 2:1, 1:1 and 

1:0, respectively.  

2.2 Characterization  

Morphology of the catalysts was studied by transmission electron microscopy (TEM) and 

high angle annular dark field (HAADF) scanning TEM (STEM) with elemental mapping on a 

Titan G2 60-300 at 80 kV. The annular dark field images (ADF) were collected using a Nion 
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UltraSTEM100 microscope operated at 60 kV at a beam current of 60 pA. The convergence half 

angle of the electron beam was set to 30 mrad and the inner collection half angle of the ADF 

images was 51 mrad. Diffraction data was collected with a Bruker D8 Advance diffractometer 

operated at 40 kV and 40 mA with Cu Kα (λ = 1.5406 Å) in the range of 20-90° 2θ. X-ray 

photoelectron spectroscopy (XPS) were conducted on a Kratos Axis Ultra DLD spectrometer 

using a monochromatic AlKα (1486.6 eV) irradiation source operated at 225 W.  

X-ray absorption spectroscopy (XAS) measurements were performed at the wiggler XAS 

Beamline (12ID) at the Australian Synchrotron in Melbourne, Australia using a set of liquid 

nitrogen cooled Si(111) monochromator crystals. With the beamline optics employed (Si-coated 

collimating mirror and Rh-coated focussing mirror) the harmonic content of the incident X-ray 

beam was negligible. XAS measurements were performed at the Fe K-edge (7.1 keV) at < 10 K 

to minimize thermal disorder and to ensure that the samples were not radiation damaged (This 

was confirmed via repetitive quick scanning of the absorption edge for up to 2 hours, i.e., 12 

scans. Note that a single complete XAS scan took ~1 h). For these samples were prepared as 

pellets via mechanical grinding in a cellulose binder using a mortar/pestle. Both fluorescence and 

transmission spectra were recorded depending on the concentration of Fe in each sample (the 

validity of this approach was confirmed by comparing the fluorescence and transmission 

spectrum for one of the samples for which both methods yielded comparable signal-to-noise 

data). 

Data processing and analysis were performed following standard methods [30]. The 

extended X-ray absorption fine structure (EXAFS) data was isolated using the Athena 

software[31]. The normalised EXAFS was then Fourier transformed over a photoelectron 
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momentum (k) range of 2.0-14.0 Å-1. The coordination shell(s) to be analysed were isolated by 

inverse transforming over a non-phase-corrected radial distance (R) range of 0.7-2.7 Å.  

X-ray absorption near edge structure spectroscopy (XANES) measurements below photon 

energies of 2,500 eV were conducted at the Soft X-Ray beamline of the Australian 

Synchrotron[32]. These measurements were carried out at room temperature under ultra-high 

vacuum (UHV) conditions with a base pressure of 5 x 10-10 mbar or better. All spectra were 

obtained in total electron yield (TEY) mode. The XANES spectra were recorded at the Fe L-edge 

(700-740 eV), C K-edges (280-320 eV) and N K-edges (395-420 eV). All XANES spectra were 

processed and normalized using the QANT software program developed at the Australian 

Synchrotron[33]. X-ray energy calibrations were achieved by applying the offset required to shift 

the simultaneously measured reference spectra of iron foil and boron nitride powder to its known 

energy. Intensities have been normalized with respect to impinging photon flux. Standard 

chemicals including iron phthalocyanine and iron foil were tested as reference materials. The 

iron content was obtained by inductively coupled plasma optical emission spectrometry 

(ICP-OES) following the procedures reported[34]. The solution for ICP-OES test was prepared 

by dissolution of the solid yield from burning 50 mg catalysts in a crucible with HNO3 acid. 

2.3 Electrochemical and fuel cell test  

Electrochemical measurements were conducted in a standard electrochemical cell using a 

Princeton potentiostat (Versastat3, USA). Graphite rod and saturated calomel electrode (SCE) 

with electrolytic bridge were used as the counter and reference electrodes. Linear scan 

voltammetry (LSV) curves of FeCu/N-CNTs and Pt/C (50% Pt, JM) were obtained in 

O2-saturated 0.1M HClO4 solution with and without addition of PA using rotating ring disk 
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electrodes with rotating rate of 1600 rpm. The IR-corrected Tafel plots were recorded at a scan 

rate of 1 mV s-1 with the electrode initially conditioned at current density of 0.5 mA cm-2 for 5 

min. The FeCu catalyst loading was ~36 μg cm-2 for FeCu-N-CNTs, and Pt loading was 25 μg 

cm-2 for Pt/C. All potentials in the present study were given versus RHE reference electrode (E = 

ESCE + 0.247 + 0.059 pH, here 0.247 V is the potential for SCE at 20 oC). MEAs with an active 

area of 4 cm2 were fabricated by sandwiching the SiO2 doped PA/PBI composite membrane 

between two gas diffusion electrodes with Pt/C anode and FeCu(4:1) cathode followed by 

hot-pressing at 4.9 MPa and 180 oC for 10 minutes. The fabrication of MEAs can be found in 

previous publications[35]. The Pt loading of the anode was 1.0 mgPt cm-2. The performance of 

PA/PBI based composite membrane cells was measured at 230 oC in H2 and O2 with flow rates 

of 100 mL min-1. Stability test was undertaken at a cell voltage of 0.5 V and 230 °C. For 

comparison, a fuel cell using Pt/C catalysts on both anode and cathode with Pt loading of 1.0 

mgPt cm-2 was also tested following the same procedure. The accelerated durability tests were 

evaluated using the cyclic voltammograms (CVs) in a N2-saturated 0.1 M HClO4 electrolyte with 

a sweep rate of 50 mV s-1 at the potential range of 0.1-1.0 V for 5000 cycles. 

2.4 Computational Methods  

Density functional theory (DFT) calculations were performed using the projector augmented 

wave method implemented in the Vienna Ab initio simulation package (VASP)[36, 37]. The 

PBE functional was used to describe the electronic exchange and correlation effects[38]. For Fe 

doped graphene, the system consists of a single layer graphene in a 14.81 Å × 14.81 Å × 15 Å 

cell and the Brillouin zone was sampled with a 3×3×1 grid. For Fe-Cu doped graphene, a 29.62 

Å × 14.81 Å × 15 Å cell was used to avoid interaction between the Fe-Cu sites in neighboring 

cells and the Brillouin zone was sampled with a 2×4×1 grid. All atoms were allowed to relax in 
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the structural optimization until forces were smaller than 0.01 eV/Å. The absorption energies of 

*OOH, *O, and *OH were calculated according to 

     (1) 

      (2) 

     (3) 

where Esub, Esub + *OOH, Esub + *O, Esub + *OH are the ground state energies of a clean surface 

and surfaces with *OOH, *O, and *OH adsorbed[39]. 

3 Results and Discussion 

3.1 Activity of FeCu/N-CNTs for ORR 

FeCu/N-CNTs with different Fe:Cu atomic ratios were synthesized through pyrolysis of the 

dicyandiamide in the presence of hemin porcine and copper(II) acetylacetonate after a 

subsequent acid treatment (Figure 1A). The ORR activities are closely related with the Fe:Cu 

ratios of FeCu/N-CNTs catalysts, as shown in the linear scan voltammetry (LSV) curves, 

measured in 0.1 M HClO4 electrolyte (Figure 1B). The best results were obtained on 

FeCu/N-CNTs with Fe:Cu ratio of 4:1, FeCu(4:1), achieving an on-set potential of 0.960 V vs 

RHE (without specification, the potentials in following sections are referred to RHE) and a 

half-wave potential (E1/2) of 0.811 V. This is close to on-set potential of 0.980 and E1/2 of 0.822 

V obtained on Pt/C catalyst. FeCu(4:1) is among one of the most active non-noble metal based 

ORR catalysts reported in acid electrolyte (Table S1). For example, Dai group developed an iron 

single atom catalyst, showing a E1/2 of 0.81 V with enhanced stability in acidic electrolytes[40]. 
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Li et al synthesized an atomically dispersed Fe-Nx/C sites exhibits ORR activity with E1/2 of 

0.812 in 0.5 M H2SO4[41]. The electrocatalytic activity of FeCu(4:1) is also better than the 

constitute single Fe and Cu atom catalysts. For the ORR on Fe/N-CNTs SACs, E1/2 is 0.801 V, 

while Cu/N-CNTs SACs, FeCu(0:1), is very poor for ORR with on-set potential of 0.80 V and 

E1/2 of 0.63 V, which is consistent with the poor ORR activity of Cu-N-C in acid electrolyte[24]. 

Further decrease of the Fe:Cu ratio resulted in the decrease of the activity due to a severe 

aggregation of the Fe and Cu atoms to form NPs (Figure S1). 

The H2O2 yield calculated from the ring current of the rotating ring-disk electrode studies is 

~2-3% for FeCu(4:1), which is lower than 6-7% for FeCu(1:0) and 8-10% for Pt/C (Figure 1D). 

The electron transfer number for FeCu(4:1) is 3.8-4.0 in the potential range of 0.2-0.7 V, very 

close to 3.8-3.9 for that on Pt/C. This indicates the 4-electron transfer process of ORR on 

FeCu(4:1) catalysts. Tafel slope for the reaction on FeCu(4:1) and FeCu(1:0) is 105 mV dec-1, 

lower than 120 mV dec-1 of Pt/C (Figure 1E), indicating the slightly higher ORR kinetics on 

FeCu(1:0) and FeCu(4:1). This is comparable to that of atomically dispersed Fe-Nx species on 

porous porphyrinic triazine-based frameworks with Tafel slope of ~81 mV dec-1[42, 43].  
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Figure 1. A) Scheme for FeCu-N-CNTs synthesis; B) Linear scan voltammetry (LSV) of 
FeCu/N-CNTs with different Fe/Cu atomic ratios in O2-saturated HClO4 solution; C) LSV of 
FeCu(4:1), FeCu(1:0) and Pt/C in O2-saturated HClO4 solution; D) H2O2 yield and calculated 
electron transfer number of FeCu(4:1), FeCu(1:0) and Pt/C during the ORR; E) Tafel slope of 
FeCu(4:1), FeCu(1:0) and Pt/C for ORR. The catalyst loading of FeCu was 36 μg cm-2, and Pt 
loading was 36 μg cm-2. The double layer current was deducted and the current was IR corrected.  

With the addition of 0.2 M PA in 0.1 M HClO4 solution, the on-set potential and E1/2 of 

ORR on Pt/C electrocatalysts were shifted negatively by 14 mV and 26 mV, respectively (Figure 

2A). The limiting current density measured at 0.8 V also decreased by 30% from 2.79 mA cm-2 

in 0.1 M HClO4 to 1.91 mA cm-2 in 0.2 M PA+0.1 M HClO4. The reduced limiting current 
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density with the addition of PA in the electrolyte is most likely caused by the lower diffusion 

coefficient and O2 solubility as well as the higher kinematic viscosity of PA relative to that in 

pristine 0.1 M HClO4 solution. This effectively leads to a decrease in the mass-transfer-limited 

current of the ORR [12, 44]. The negative shift in E1/2 and decrease in the limiting current 

density indicate the adsorption and poisoning of PA on the active sites of Pt for ORR in acidic 

solution, consistent with that reported in the literatures[11-14]. Very different from Pt/C, the 

electrocatalytic activity of FeCu(4:1) for ORR increases with the addition of PA. The E1/2 of 

FeCu(4:1) for ORR is 0.830 V in 0.2 M PA + 0.1 M HClO4 solution, which is 18 mV higher than 

0.812 V measured in 0.1 M HClO4 solution (Figure 2B) and 34 mV higher than 0.796 V 

measured on Pt/C under identical conditions (Figure 2C). Polarization density at 0.8 V for ORR 

on FeCu(4:1) is 4.3 mA cm-2, which is ~2 times higher than 2.2 mA cm-2 on Pt/C (Figure 2C).  

The corresponding Tafel slope for ORR on FeCu(4:1) catalyst also decreased from 105 mV 

dec-1 in 0.1 M HClO4 electrolyte to 98 mV dec-1 in 0.2 M PA+ 0.1 M HClO4 solution (Figure 

2D), consistent with the reported results[12]. The increase of E1/2 and current density, combined 

with the decrease of the Tafel slope for FeCu(4:1) for ORR in the presence of PA evidently 

indicates that the presence of PA actually promotes the electrocatalytic activity of bimetallic 

FeCu/N-CNTs catalysts. The accelerated durability tests of FeCu(4:1) reveal that the E1/2 

negatively shifted by 12 mV after 5000 cycles at scan rate of 50 mV s-1, which is lower than a 

negative shift of 38 mV for Pt/C tested under identical conditions (Figure S2), indicating a higher 

durability of FeCu(4:1) in comparison to that Pt/C.  

FeCu(4:1) and FeCu(1:0) electrocatalysts were selected and applied as cathodes for the 

PA/PBI composite membrane cells at 230 oC in H2 and O2 without humidification. 

Membrane-electrode assemblies (MEAs) with an active area of 4 cm2 were fabricated by 
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sandwiching a PA/PBI composite membrane between two gas diffusion electrodes with Pt/C 

anode (Pt loading=1 mgPt cm-2) and FeCu(1:0) and FeCu(4:1) cathode (FeCu metal 

loading=~0.12 mgFeCu cm-2). For comparison, MEAs with Pt/C anode and Pt/C cathodes (Pt 

loading=1 mgPt cm-2) were also prepared. At 230 oC, the open circuit voltage of the cell with 

FeCu(4:1) and FeCu(1:0) cathodes is 0.87-0.89 V, which is slightly lower than the 0.95 V 

measured on the cell with Pt/C cathode. The cell with FeCu(4:1) cathode achieved a power 

density 221 mW cm-2 at 0.6 V (P@0.6) and the peak power density (PPD) of 302 mW cm-2, 

which is identical to that using Pt/C cathode, but significantly higher than the 115 and 240 mW 

cm-2 obtained on the cell with the FeCu(1:0) cathode. The high power output of the cell with 

FeCu(4:1) cathode as compared to that of FeCu(1:0) indicates the significantly enhanced activity 

of bimetallic atomic catalysts for ORR, as compared to the monometallic atomic catalysts in 

PA/PBI composite membrane cells. This is consistent with the significantly enhanced activity of 

FeCu(4:1) catalyst for ORR in PA-containing 0.1 M HClO4 solution measured at room 

temperatures (Figure 2B). The cell with FeCu(4:1) cathode also delivered an excellent stability 

(Figure 2F). The current density of the cell was in the range of 300-320 mA cm-2 under a 

constant cell voltage of 0.5 V at 230 oC and remained more or less the same after polarization for 

100 h. In contrast, the cells with Pt/C cathodes tested at 230 oC deteriorate rather quickly due to 

the significant agglomerate of Pt nanoparticles and the poisoning of the phosphate ions, although 

the cell performance increases initially [26]. 

The cell with bimetallic FeCu atomic catalyst cathode also show a better performance at low 

operation temperature as compared to that with Fe single atomic catalyst cathode (Fig.2G). At 

160 oC, the PPD of the cell with FeCu(4:1) cathode is 250 mA cm-2, much better than 212 mW 

cm-2 obtained on the cell with Fe single atom catalyst cathode, FeCu(1:0). This indicates that 
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bimetallic FeCu atomic catalysts show a significant enhanced activity for ORR in a wide range 

of operation temperature of HT-PEMFCs. The results clearly demonstrate the promising 

potential of bimetallic FeCu(4:1) as truly Pt-free and high activity and durability cathodes of 

PA/PBI membranes based HT-PEMFCs. 
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Figure 2. LSV of ORR on A) Pt/C, B) FeCu(4:1) in O2-saturated 0.1M HClO4 solution with the 
addition of PA; C) LSV of ORR on FeCu(4:1) and Pt/C in O2-saturated 0.2 M PA + 0.1 M 
HClO4 solution; D) Tafel slope curves of ORR on FeCu(4:1) in O2-saturated 0.1M HClO4 
solution with the addition of PA. The catalyst loading of FeCu was 36 μg cm-2, and Pt loading 
was 36 μg cm-2. E) Polarization and power density curves of PA/PBI composite membrane cells 
using FeCu(1:0), FeCu(4:1) and Pt/C cathodes at 230 oC; F) cell stability of the cells with 
FeCu(4:1) cathode at 0.5 V and Pt/C cathode at 0.6 V, and G) Polarization and power density 
curves of PA/PBI composite membrane cells using FeCu(1:0) and FeCu(4:1) cathodes at 160 and 
230 oC. The anode was Pt/C with Pt loading of 1 mgPt cm-2. The cathode loading: Pt loading = 1 
mgPt cm-2, total FeCu(1:0) and FeCu(4:1) loading= 4 mg cm-2 in which FeCu metal loading was 
~0.12 mgFeCu cm-2. 

 

The effect of phosphate on the electrochemical activity of monometallic Fe SAC, FeCu(1:0), 

catalysts for ORR was also investigated and the results are shown in Figure 3. With or without 

addition of 0.2 M PA in HClO4 solution, the on-set potential and E1/2 of ORR on FeCu(1:0) 

electrocatalysts were essentially identical and the only change is the decrease of the limiting 

current density measured at 0.8 V for ORR in 0.2 M PA+0.1 M HClO4 as compared to that in 0.1 

M HClO4 (Figure 3A). This evidently indicates that the surprising phosphate promoted activity is 

related to the presence of Cu atoms in the bimetallic FeCu electrocatalysts (Figure 2B). On the 

other hand, the Tafel slopes observed on both FeCu(1:0) are identical, while for ORR on Pt/C the 

presence of PA has a minor effect on the Tafel slope (Figure 3B). Monometallic Fe SAC is inert 

to PA but with no enhancement effect, consistent with previous report[26]. 
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Figure 3. A) LSV of ORR on FeCu(1:0) in O2-saturated 0.1M HClO4 solution with the addition 
of different concentration of PA and B) Tafel slope curves of ORR in O2-saturated 0.1M HClO4 
solution with the addition of different concentration of PA on FeCu(1:0) and Pt/C. The catalyst 
loading of FeCu was 36 μg cm-2, and Pt loading was 36 μg cm-2. 

 

3.2 Microstructure of FeCu/N-CNTs 

To understand the high activity and stability of FeCu(4:1) catalysts, detailed structure 

characterisation was carried out. Figure 4 shows the microstructure of typical FeCu(4:1) and 

FeCu(1:0) catalysts. Transmission electron microscopy (TEM) and aberration-corrected scanning 

TEM (AC-STEM) investigations reveal that microstructure of FeCu(4:1) is characterized by 

CNTs network connected by layers of graphene sheets or amorphous carbon (Figure 4A and B), 

indicating the growth of graphene-like layers after pyrolysis. The scanning TEM coupled with 

energy-dispersive X-ray spectroscopy (STEM-EDS) mapping reveals the homogenous 

distribution of Fe, Cu and N elements on the CNTs-graphene network (Figure 4C). AC-STEM 

analysis indicates the presence of atomically dispersion Fe and Cu atoms on the CNT or the 

graphene-like sheets (Figure 4D, E and F). No metallic NPs were observed after acid wash, 

consistent with the XRD patterns in which no peaks were found that is attributed to Fe, Cu or 

FeCu alloys NPs (Figure S3). With the increase of Fe:Cu ratio, the decrease of Fe, Cu atomic site 

density and the increase of FeCu nanoclusters were observed, e.g., nanoclusters formation in 



17 

 

FeCu(1:1) (Figure S4), consistent with the drop of ORR activity (Figure 1B). In the case of 

FeCu(1:0), similar microstructure was observed. Fe single atoms were uniformly dispersed on 

the CNT surface or the graphene-like sheets (Figure 4G-I). These results indicate that the 

addition of Cu atoms leads to the formation of closely adjacent Fe and Cu dual sites or 

atomically dispersed nanoclusters.  

 

Figure 4. A) TEM image; B) high resolution TEM image; C) STEM-EDS mapping; D) and E) 
AC-STEM of the CNT surface, where circles show the presence of dual sites and isolated atoms; 
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and F) graphene like sheet, where the circles show the existence of atomically dispersed 
nanoclusters of FeCu(4:1). G) High resolution TEM image, H) and I) AC-STEM of FeCu(1:0).  

 

The X-ray absorption spectroscopy (X-ray absorption near edge structure, XANES, and 

X-ray absorption fine structure, XAFS) results are shown in Figure 5A-D. In the case of 

FeCu(1:0), the peaks located at 401.0 eV, 399.6 eV, 398.3 eV of N K-edge can be assigned to 

pyridinic-N, pyrrollic-N and graphitic-N coordinated with Fe, respectively (Figure 5A)[45]. For 

FeCu(4:1), in addition to the similar peaks observed at 401.0 eV, 399.6 eV and 398.3 eV as that 

of FeCu(1:0), a new peak at 398.7 eV could be due to the formation of Cu-N bonds. The Fe 

L-edge for FeCu(4:1) is very similar to that of FeCu(1:0), while the slightly increased shoulder at 

708.3 eV is attributed to the presence of a small amount of metallic nanoclusters in FeCu(4:1) 

(Figure 5B). The Fe K-edge of the XANES spectra of FeCu(1:1), FeCu(4:1), FeCu(1:0) and Fe 

foil indicate that the iron species in FeCu(1:0) and FeCu(4:1) are in Fe(II) state in comparison to 

that of Fe foil in zero valence and FePc in Fe(III) state (Figure S5). Fourier transform (FT) of the 

extended XAFS (EXAFS) of the Fe K-edge reveals that the FeCu(1:0) and FeCu(4:1) exhibits a 

defined shell at 1.6 Å (Figure 5C), which can be attributed to the presence of Fe-N[46, 47]. A 

tiny peak at 2.1 Å associated with Fe-Fe bond was observed in FeCu(1:0), indicating that 

majority of Fe species are isolated atoms coordinated with nitrogen. A peak at 2.3 Å for 

FeCu(4:1) is attributed to the Fe-Fe and Fe-Cu bonds, consistent with the reported Fe L-edge 

results[48]. With the increase of Fe:Cu ratio to 1:1, the peak at 2.3 Å increases significantly 

(Figure S6), indicating the increased formation of Fe-Fe and Fe-Cu bonding[49, 50]. Besides, a 

broad peak around 3.5-5.2 Å observed in the FeCu(4:1) is different from that of Fe foil and 

FeCu(1:0), indicating the formation of the adjacent Fe and Cu single atoms with a distance 
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around 4-5 Å[51, 52]. These results indicate that Fe could exist as a Fe-N4 configuration because 

this is the most energetically favorable structure. 

The Cu L-edge of FeCu(4:1) is very different from that of Cu foil, but shows similar feature 

with that of copper phthalocyanine (CuPc)[53] and Cu2+-1,10-phenathroline[54]. This indicates 

that majority of Cu atoms are coordinated with N to form atomically dispersed Cu atoms rather 

than Cu nanoclusters with Cu-Cu bond (Figure S7). From the EXAFS data, it is clear that the 

FeCu sample is significantly different from that of an ordered, metallic material. The pre-edge 

peaks and the post-edge regions of the XANES of FeCu(4:1) is higher than that of Cu foil, and 

close to that of reported atomically dispersed Fe-Cu single atom sites (Figure S8A)[48], 

revealing the oxidation state of the Cu. Specifically, the EXAFS oscillation period is longer than 

that of metallic Cu. This indicates an environment dominated by Cu bonding to a weak scatterer 

at a shorter bond-length than that found in metallic Cu (Figure S8B). Moreover, the EXAFS 

oscillation amplitudes are significantly reduced in the FeCu sample, consistent with a material 

that is lacking medium to long range atomic order as shown in the Fourier Transformed EXAFS 

data. The FT of the EXAFS spectra of Cu K-edge (Figure 5D) reveals the formation of atomic 

Cu sites as indicated at the peak at 1.45 Å, consistent with the Cu L-edge results. Small peaks at 

2.3 Å around 4-5 Å indicate the formation of Fe and Cu interactions as indicated in FT of the 

EXAFS spectra of Fe K-edge. These results further demonstrate the formation of atomically 

dispersed and nitrogen coordinated dual Fe and Cu diatomic sites on N-CNTs-graphene network 

in the case of bimetallic FeCu(4:1) catalysts, consistent with the AC-STEM results.  

The inductively coupled plasma atomic emission spectroscopy (ICP-AES) results reveal that 

the Fe content in FeCu(1:0) is 2.8 wt%, and the Fe and Cu content in FeCu(4:1) is 2.52 wt% and 

0.48 wt%, respectively. The Fe and Cu atomic ratio is 5.97, higher than the designed ratio of 4:1, 
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most likely due to the removal of excess Cu nanoclusters by acid treatment. The nitrogen content 

in FeCu(1:0) and FeCu(4:1) is around 3.94 wt% and 3.93 wt%, respectively through elemental 

analysis. The high content of N that provide large number of defects could anchor the atomically 

dispersed Fe and Cu atoms, thus leading to a high density of isolated active sites.  

The FeCu(4:1) cathode catalysts before and after fuel cell test were investigated by X-ray 

photon spectroscopy in order to understand the role of copper in PA promoted ORR (Figure 

4E-F). In the figure, FeCu(1:0) and FeCu(4:1) after fuel cell test is denoted as FeCu(1:0)-PA and 

FeCu(4:1)-PA, respectively. The Fe 2p of the original FeCu(4:1) shows a peak centered at 710.4 

eV and 724.1 eV for Fe 2p3/2 and Fe 2p1/2, respectively, which is consistent with the XPS spectra 

of typical Fe-N-C single atom materials reported[55]. The main feature of Fe 2p peaks at 710.4 

eV and 724.1 eV for Fe 2p3/2 and Fe 2p1/2, respectively, remain unchanged after the cell test, 

except a small, new feature at 707.5 eV for FeCu(4:1)-PA most likely due to the presence of 

small amount of FeP[56]. The Cu 2p3/2 and Cu 2p1/2 spectra of FeCu(4:1) was observed at 932.4 

eV and 952.2 eV, respectively, consistent with the formation of Cu-N bond[57]. However, the 

Cu 2p3/2 and Cu 2p1/2 peaks for FeCu(4:1)-PA were observed at 934.6 eV and 954.5 eV, 

positively shifted by more than 2 eV in comparison to 932.1 and 952.0 eV observed on pristine 

FeCu(4:1) before test. These are consistent with the formation of Cu-P or Cu phosphate phase, 

revealing the strong and preferential binding of the phosphate ions on the Cu single atoms rather 

than on the Fe single atoms, consistent with that reported in the literature[58-60].  
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Figure 5. A) N K-edge; B) Fe L-edge of the soft X-ray adsorption spectra; C) Fourier transform 
of EXAFS spectra of FeCu(4:1), FeCu(1:0), FePc and Fe foil; and D) Cu K-edge of FeCu(4:1) 
and Cu foil. XPS spectra of E) Fe 2p and F) Cu 2p of FeCu(4:1) before and after fuel cell test. 

 

3.3 Computational simulation 

DFT calculations were performed to determine the potential energy surfaces of FeCu 

bimetallic catalysts for ORR (Figure 6 and Table 1). It has been indicated that transition 

metal-N4 configuration is the most energetically favorable structure and is active towards ORR 

through the four-electron dissociation pathway[61, 62]. The adsorption energies of *OOH, *O, 
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and *OH were calculated using the Fe-N4 configuration. Cu-N4 center shows a poor ORR 

activity (E1/2=0.61 V, Figure 1B) due to the strong binding of *O on the atomic Cu center (with 

an energy barrier, ∆E of 2.58 eV). The rate-determining step of ORR on Fe-N4 is the *OOH 

dissociation step (*OOH→*O) with a ∆E of 1.94 eV (Figure 6B). In order to determine the 

Fe-Cu doped structure, three configurations with the Fe-Cu distance (dFe-Cu) of 2.43 Å, 4.38 Å, 

and 5.05 Å were built (see Figure 6A). In the case of Fe-Cu configuration at dFe-Cu = 2.43 Å, the 

energy barrier for the *OOH→*O is high, 2.58 eV, which is less energy favorable for ORR 

compared to Fe-N4 sites. This is consistent with the experimental results that the increase of Cu 

ratio significantly increases Fe-Cu bond, thus leading to the decrease ORR performance (Figure 

1B). With the increase of the Fe-Cu distance to 5.05 Å, i.e., the structure with dFe-Cu = 5.05 Å, 

∆E of the *OOH→O* dissociation step is reduced to 1.89 eV (Figure 6B), indicating the reduced 

energy barrier of these atomic sites for O2 double bond cleavage. The increased distance between 

Fe and Cu in the structure implies the decrease in the FeCu ratio in FeCu/N-CNTs catalysts. The 

results reveal that the enhancement of the ORR activity in FeCu(4:1) is likely due to the 

formation of atomically dispersed Fe and Cu sites with a favorable distance around 5.05 Å with 

significantly reduced energy barrier for ORR. 

The effect of phosphate on the performance of Fe, Cu doped graphene for ORR was further 

studied. As shown in Figure S9 and Figure 6B (dFe-Cu 5.05 P and FeCu=4.38 P), phosphate 

adsorbed on the structure with dFe-Cu of 4.38 Å and 5.05 Å where phosphate adsorption is much 

more energy favorable on the Cu site (-1.63 eV), compare to that of 0 eV on the Fe site, which is 

consistent with the XPS results. ∆E of the *OOH dissociation step is further lowered from 1.98 

and 1.89 eV to 1.59 and 1.80 eV for dFe-Cu of 4.38 Å and 5.05 Å, respectively for ORR in the 

presence of phosphate (Figure 6B). The results are clearly consistent with the experimental 
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studies that the phosphate can strongly adsorb on the surface of the atomic copper sites and 

promote the ORR on the atomic Fe site. 

 

Figure 6. A) Top views of structures of the clean and *OOH, *O, *OH adsorbed surfaces of Fe 
doped graphene, Fe-Cu doped graphene with dFe-Cu = 2.43 Å, dFe-Cu = 4.38 Å, dFe-Cu = 5.05 Å and 
Cu doped graphene, and B) Potential energy surface for the four-electron reaction pathway of the 
ORR on Fe-N4 doped graphene (black), Cu-N4 doped graphene (grey), Fe-Cu diatomic sites with 
distance of 2.43 Å (green), and Fe-Cu diatomic sites with distance of 4.38 Å and 5.05 Å with and 
without phosphate. 

 

Here, the DFT calculation evidently indicates the activity of bimetallic FeCu catalysts is 

closely related to the distance between atomic Fe and Cu sites, which is consistent with the 

experimental results of the performance of FeCu/N-CNTs with different Fe:Cu ratios. In the 
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FeCu system, the formation Fe-Cu dual sites with appropriate distance is important not only for 

the high ORR activities but also for the promotion effect of PA on ORR at the Fe sites. The high 

ORR performance of FeCu(4:1) in PA acid electrolyte can be contributed to the synergistic role 

of the close adjacent of Cu and Fe atoms with an appropriate distance, i.e., around 4~5 Å, 

facilitating the breakage of the O=O double bond (*OOH→*O) for ORR. This appears similar to 

the ORR on heme-copper oxidases (HCOs), one of the most efficient natural oxygen reduction 

enzyme, which contains a heme (with Fe-N4 center) that functions as oxygen binding sites, and a 

closely associated Cu atom with a distance of 7 Å that plays the role to assist O=O double bond 

cleavage[63, 64]. The reduction of O2 to H2O is a proton-coupled 4-electron transfer process, and 

the performance of electrocatalysts for ORR depends strongly on the optimized transfer of both 

electrons and protons[65-67]. The strongly absorbed phosphate on Cu atoms provides local 

protons to facilitate the ORR process. This is supported by both DFT calculation and XPS results 

(Figure 5E and F, Figure 6B) that phosphate ions are preferentially adsorbed on the Cu sites. The 

synergistic effect of the proton transfer via atomic Cu sites is consistent with the reported by 

Zhao et al. that the presence of phosphate ligands facilitates the formation of Cu hydrides, which 

is a critical initial step for attaching protons to assist the CO2 reduction[68]. The phosphate 

promoted activity via the proton transfer of atomic Cu sites explains the high activity, lower 

Tafel slope and high performance and stability of FeCu(4:1) catalysts in the PA/PBI composite 

membrane based HT-PEMFCs. The phosphate promotion mechanism of ORR on atomically 

dispersed bimetallic FeCu(4:1) electrocatalysts is shown schematically in Figure 7. 
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Figure 7. Scheme of the phosphate promoted ORR, where PA adsorbed on Cu atoms provides 
local protons for ORR on the adjacent Fe atoms. 

 

4 Conclusion 

In this work, we developed atomically dispersed bimetallic FeCu/N-CNTs catalysts with 

excellent activity and stability for ORR at elevated temperatures, and demonstrated for the first 

time that the bimetallic FeCu catalysts show surprisingly phosphate promoted ORR activity, in 

contrast to the PA poisoning effect of Pt/C-based electrocatalysts. On the other hand, no such 

phosphate promotion effect was observed on single-phased Fe SACs catalysts. The fundamental 

reason for the high and PA promoted activity and performance of FeCu/N-CNTs is that Cu 

atoms adjacent to Fe atoms with an appropriate distance (i.e., around 4-5 Å) strongly bind the 

phosphate, which lowers the energy barrier of Fe active sites for oxygen double bond cleavage 

and provides local proton to assist the proton-coupled electron transfer ORR process. The study 

endows that atomically dispersed FeCu bimetallic catalysts as truly Pt-free, highly active and 

stable cathode catalysts for PA/PBI based PEMFCs at elevated temperatures. The principles 
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outlined in this study open a new platform to design and develop Pt-free electrocatalysts for fuel 

cells in general. 
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Table 1. Summary of activation energy for each steps of ORR on Fe-N4, FeCu/N-CNTs with 
different dFe-Cu and Cu-N4. 

 

Species  Step 1 

 (*O2→*OOH)/eV 

Step 2 

 (*OOH→*O) /eV 

Step 3 

 (*O→*OH) /eV 

Step 2  

(*OH→*H2O) /eV 

Fe-N4 1.63 1.94 1.03 0.32 

dFeCu = 2.43  1.76 2.35 0.97 -0.16 

dFeCu= 4.38 1.64 1.98 0.99 0.31 

dFeCu= 4.38 P 1.81 1.59 1.19 0.33 

dFeCu= 5.05 1.74 1.89 1.06 0.23 

dFeCu= 5.05 P 1.60 1.80 1.17 0.35 

Cu-N4 0.22 0.43 2.58 1.69 
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