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[bookmark: _Hlk132724427]ABSTRACT
Addressing the sluggish oxygen reduction reaction (ORR) bottleneck in Zn-air batteries is crucial for their large-scale deployment. Fe-N/C catalysts emerge as promising alternatives to precious Pt-based counterparts. Herein, carbon-encapsulated Fe nanoparticles decorated with Fe-N/C (denoted as FeNPs@Fe-N/C) are rationally designed and synthesized via controlled pyrolysis. The FeNPs@Fe-N/C catalyst achieves excellent ORR performance in alkaline solution with a half-wave potential (E1/2) of 0.914 VRHE. This work reveals that the precise incorporation of carbon-encapsulated Fe nanoparticles substantially improves the catalytic activity of Fe-N/C catalysts. Meanwhile, the FeNPs@Fe-N/C as the of Zn-air battery cathode delivers an impressive peak power density of 175.7 mW cm-2 and excellent stability over 500h, surpassing the Pt/C benchmarks. Density functional theory calculations reveal that the introduced carbon-encapsulated Fe nanoparticles facilitate electron transfer to the catalytic site via d-band center modulation, thus boosting ORR performance. This research paves the way for future design strategies employing nanoparticle engineering for highly efficient electrocatalysts.
[bookmark: _Hlk132724545][bookmark: _Hlk132724527]Keywords: Fe-N/C, ORR, defects, Zn-air battery, nanoparticle
1. Introduction
The accelerating combustion of fossil fuels and consequent environmental issues are boosting the development of renewable energy sources and innovative energy devices.1, 2 Among them, metal-air batteries and fuel cells hold immense promise as the next-generation energy devices due to their high energy density and environmental friendliness.3, 4 However, the oxygen reduction reaction (ORR), a critical electrochemical process within these electrochemical devices, remains a significant bottleneck.5, 6 Therefore, the development of efficient ORR catalysts holds the key to advancing the performance and accessibility of these sustainable energy systems. While Pt-based catalysts have historically dominated the field due to their outstanding catalytic activity, their high cost and scarcity have spurred intense research interests into the exploration of alternative catalysts.7 To promote the commercialization of metal-air batteries and fuel cells, Fe-based single-atom catalysts (SACs), especially Fe,N-codoped carbon (Fe-N/C), are intensively investigated to replace the expensive Pt-based catalysts.8, 9
[bookmark: _Hlk154679297][bookmark: _Hlk154679254]Extensive research has established the Fe-N4 moiety as the primary active site for the ORR in Fe-N/C catalysts.10 However, the symmetric electronic structure distribution of Fe-N4 is unfavorable for the adsorption/desorption of various key oxygen intermediates (e.g., O*, OOH*, and OH*), resulting in its catalytic performance inferior to that of Pt/C catalysts. Recognizing this issue, recent efforts have focused on strategic modification of the electronic environment of the Fe site within the Fe-N4 moiety. The adopted approaches that are effective to improve the activity of Fe include deliberate introduction of defects, incorporation of heteroatoms (S,11 P,12 etc.), or construction of synergistic sites (dual atoms,13, 14 metal clusters,15 metal nanoparticles16). Moreover, different nitrogen contents and species have also been proved to impact the activity of Fe-N/C by modulating the adsorption energy of oxygen-containing species at the active site.17 The Fe atoms in pyridine-type FeN4 were found to have a higher energy barrier to be removed compared to pyrrole-type FeN4 and hence has a higher stability,13, 18 while the Fe-N/C with pyrrole-type N ligand has higher ORR intrinsic activity.19 Therefore, it is crucial to rationally tune the ratio of pyridine and pyrrole N ligands in catalyst design.	Comment by Anthony Kucernak: This discusses the activity from the viewpoint of activity in acidic conditions, but the situation is much more nuanced. Although in acid and alkaline FeNC is the most active catalyst, in alkaline the metal free catalyst is more active  than FeNC in acid when measured at the same potential (i.e. vs RHE). This suggests that there are two sites for activity – FeNC and framework sites, and that framework sites are much more active in alkaline (about 10,000x more active at the same overpotential – please see our recent paper on the difference between acid and alkaline. Some discussion needs to be given to this as the activity is quite different in acid and alkaline:

The difference might very well be due to the different states of the pyrrole and pyridinic groups as pH changes – i.e. whether they are protonated or the free-base form
The stability of Fe-N/C catalysts during ORR has been a concern during electrocatalysis, particularly for their implementation in Zn-air batteries. This instability stems from two key issues: leaching of Fe species due to the aggressive reaction environment during the ORR and agglomeration of isolated single Fe atoms over operating. Both processes lead to a decline in active sites availability and consequently hamper catalytic performance. Fortunately, recent research reveals that the dispersed metal nanoparticles on the carbon support prevent undesirable aggregation or migration of Fe single atoms during the ORR by acting as anchor points. The combination of nanoparticles with single Fe sites would also induce synergistic effects in enhancing the overall catalytic performance and stability. Meanwhile, the strong interactions between the nanoparticles and the underneath carbon matrix enhance the overall structural integrity of the catalyst, reducing the likelihood of carbon corrosion or structural changes during the ORR.
Therefore, the catalyst construction scheme that rationally promotes the adsorption/desorption of intermediates plays a decisive role in improving the ORR performance of single-atom catalysts. Furthermore, the stability of catalysts can be further promoted by the introduction of nanoparticles. Herein, we report the synthesis of carbon-encapsulated Fe nanoparticle decorated Fe-N/C (denoted as FeNPs@Fe-N/C) catalysts with excellent ORR performance. For comparison, atomically dispersed Fe on nitrogen-doped carbon (denoted as Fe-N/C) and metal-free nitrogen-doped carbon (denoted as N/C) were also prepared and tested.
2. Experimental
2.1 Synthesis of Fe-N/C
[bookmark: _Hlk154523215]1,5-Diaminonaphthalene (1 g, 6.32 mmol) was added to 220 ml of ethanol in a beaker. Then, 35.6 mg FeCl2·2H2O was added to 20 ml of ethanol and sonicated to dissolve before adding to the beaker. (NH4)2S2O8 (1 g) was added to 10 ml H2O and sonicated to prepare the solution, which was then transferred to the beaker after 10 min of addition of iron salt solution. The mixture was kept and stirred for 22 h at room temperature and then placed in an oven at 80°C to remove the solvent. The resulting black powder was heated in a tube furnace at a heating rate of 10°C min-1 to 950°C for 2 h under the flow of Ar. The obtained black powder was refluxed in 0.5 M H2SO4 for 8 h to remove the residual metal. The powder was filtered and dried in an oven at 60°C overnight and then heated at a heating rate of 5°C min-1 to 900°C for 2 h under Ar flow  to obtain the catalyst Fe-N/C.
[bookmark: OLE_LINK1]2.2 Preparation of FeNPs@Fe-N/C and N/C
After pyrolysis of precursor at 950°C for 2 h under the flow of Ar and acid leaching, the prepared powder was placed in a quartz boat in a tube furnace and calcined at 900°C for 30 min with a heating rate of 5°C min-1 under NH3 flow. After cooling to room temperature naturally, the catalyst FeNPs@Fe-N/C was prepared for use. The metal free catalysts named N/C was prepared via the same process as Fe-N/C without the addition of FeCl2·2H2O.
2.3 Characterization
Powder X-ray diffraction patterns were collected by using an X–ray diffractometer (D/max 2500 V, Rigaku, Japan) with Cu Kα radiation (Cu Kα, λ= 0.15418 nm). The morphologies of the samples were observed by field emission scanning electron microscopy (JEM-2100F, JEOL, Japan) and high-resolution TEM (JEM-200CT, JEOL, Japan). X-ray photoelectron spectra (XPS) were recorded with a photoelectron spectrometer (Escalab 250Xi, Thermo Fisher Scientific, USA) with Al Kα (1486.6 eV) as the X-ray source. All XPS spectra were corrected using the C 1 s line at 284.8 eV. Raman spectra were obtained on a Raman imaging microscope (DXR2xi, Thermo Fisher Scientific, USA) with an excitation laser of 532 nm. N2 adsorption measurements were performed on an automatic fast surface and porosity analyser (BELSORP-Max, MicrotracBEL, Japan) to obtain the Brunauer–Emmett–Teller (BET) surface area. The content of metal atoms in the samples was measured by inductively coupled plasma‒mass spectrometry (ICP‒MS, Agilent 7700s). 
2.4 Electrochemical measurement
[bookmark: OLE_LINK3]The electrochemical performance of the catalyst was measured on a potentiostat in a three-electrode electrochemical cell, including a rotating disk electrode (RDE) as the working electrode, a glassy carbon rod as the counter electrode and a mercury oxide mercury electrode as the reference electrode. The inks consisted of 5 mg prepared catalyst, 252.25 μL isopropanol, 252.25 μL DI water and 5 μL Nafion solutions followed by ultrasonication for 30 min.20 Then, 10 μL catalyst ink was dropped onto RDE (0.19625 cm2) to achieve 0.5 mg cm-2 loading.
The catalyst was first activated by conducting cyclic voltammetry (CV) in O2-saturated 0.1 M KOH electrolyte between 0.00 and 1.00 VRHE at a scan rate of 20 mV s-1. Subsequently, the ORR activity was measured by performing linear sweep voltammetry (LSV) in O2-saturated 0.1 M KOH at an applied potential range of 0.00–1.00 VRHE at a scan rate of 20 mV s-1 with a rotation speed of 1,600 rpm. The LSV curve in a N2-saturated 0.1 M KOH electrolyte was also recorded under the same potential ranges to correct the ORR curves for the background currents.
The yield of H2O2 and electron transfer number of the catalyst were measured on a rotating ring-disk electrode (RRDE) with a Pt ring as the working electrode. The potential of the Pt ring was maintained at 1.50 VRHE during the LSV measurements with 1,600 rpm to estimate the yield of H2O2
The hydrogen peroxide yield (H2O2%) can be determined by the following equation:21
	
	


Id: the disk current, Ir: the ring current, N: the current collection efficiency of the Pt ring (N = 0.37).
The electron transfer number (n) can be determined by the following equation:
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Moles of H2O2 produced during the ORR can be calculated by the following equation:
	
	


F: Faraday constant (96,485 C·mol-1)
The Electrochemical Active Surface Area (ECSA) was obtained by cyclic voltammetry (CV) scanning at various scan rates in non-Faradaic potential without O2 and calculated by following equation:
	
	


: Double layer capacitance
: Specific capacitance of smooth surface sample
3. Results and discussion
3.1 Structural Characterization	Comment by Anthony Kucernak: I am missing a discussion of the amount of iron in the catalysts (at%) and the partitioning of iron between NPs and FeNC – is that done somewhere>?
The schematic of synthetic process of FeNPs@Fe-N/C is presented in Figure 1a. The catalyst precursor was prepared via mixing 1,5-diaminonaphthalene, ammonium persulfate, and FeCl2·2H2O dispersed in ethanol and stirred for 22 hours. The mixture was then transferred to an oven at 80°C to remove the ethanol solvent and promote the self-assembly process. 22, 23 The Scanning electron microscopy (SEM) image in Figure S1 shows that the precursor possesses a distinct microstick structure. The self-assembled microstick precursors were initially pyrolyzed under Ar and then annealed again under Ar to obtain Fe-N/C, or under NH3 to obtain FeNPs@Fe-N/C through thermal migration. Meanwhile, N/C catalysts are formed in the same way as Fe-N/C, but without the introduction of metal salts. 
[bookmark: _Hlk154206927][image: 1]
[bookmark: _Hlk154206875]Figure 1. (a) Schematic illustration of the preparation process of the catalysts, Gray: C, Blue: N. Red: Fe, Purple: Fe nanoparticle (b) TEM image of Fe-N/C, (c) STEM-EDS mapping of the Fe-N/C, (d, e) TEM images of FeNPs@Fe-N/C, (f) HRTEM image of the FeNPs@Fe-N/C (inset: corresponding SAED image of FeNPs@Fe-N/C), (g) STEM-EDS mapping of the FeNPs@Fe-N/C.
As shown in Figure S1, the morphology of the FeNPs@Fe-N/C remained unchanged though large amounts of Fe nanoparticles were formed. The transmission electron microscope (TEM) image of the FeNPs@Fe-N/C (Figure 1 d, e) shows stacked graphitic sheets and evenly dispersed nanoparticles, while no obvious nanoparticles in the TEM image and elements mapping images of Fe-N/C can be found (Figure 1 b, c). The scanning transmission electron microscope-energy dispersive X-ray spectroscopy (STEM-EDS) mapping in Figure 1 g characterized the elemental composition and distribution of FeNPs@Fe-N/C, further confirming the existence of metallic Fe nanoparticles and uniform nitrogen doping. From the particle size distribution of FeNPs@Fe-N/C in Figure S2 (a) it can be concluded that the average particle size is approximately 15.2 nm. In addition, the lattice spacing (0.2101 nm) of the Fe (111) crystal faces observed by HRTEM in Figure 1 f, and the clear diffraction points and diffraction rings in the selected area electron diffraction (SAED) image (Figure 1 f inset) further confirm the high graphitization degree of the carbon substrate and the presence of metallic Fe nanoparticles. In contrast, Figure S2 (b, c) shows the Fe-N/C nano-onion structure, and the absence of the diffraction points in SEAD image (Figure S2 (d)) proves the absence of Fe nanophases. 
To obtain the crystal structure of the catalysts, X-ray diffraction (XRD) was performed. As shown in Figure 2 a, FeNPs@Fe-N/C has broad peaks at 26° and 45° corresponding to the (002) and (101) crystal planes of amorphous carbon, respectively, as well as obvious peaks corresponding to iron, which correspond to the apparent presence of nanoparticles in the TEM images. In contrast, Fe-N/C and N/C show only broad peaks for amorphous carbon and no peaks for Fe nanoparticles, indicating the uniform dispersion of Fe single atoms, which is consistent with the results of the TEM images. During pyrolysis, the C matrix can react with NH3 to produce gaseous products, and N atoms are doped into the remaining C matrix.24With the gradual etching of C matrix by NH3 atmosphere, some buried Fe atoms were exposed and aggregated to form Fe nanoparticles, as evidenced by the obvious increase in Fe content (0.85% and 0.16% for the FeNPs@Fe-N/C and Fe-N/C, respectively) from the inductively coupled plasma‒optical emission spectrometry (ICP‒OES) results in table S1.
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Figure 2. (a) XRD patterns, (b) XPS survey spectrum, (c) High-resolution N 1 s XPS spectra, and (d) N content distribution of the FeNPs@Fe-N/C, Fe-N/C, and N/C catalysts. (e) N2 adsorption–desorption isotherms and corresponding pore size distribution (inset) of FeNPs@Fe-N/C and Fe-N/C catalysts. (f) Raman spectra of the FeNPs@Fe-N/C and Fe-N/C catalysts.
To investigate the surface chemical information, all the catalysts were measured by X-ray photoelectron spectroscopy (XPS). The elemental contents obtained by the XPS survey spectrum (Figure 2 b) confirms that the carbon matrix was gradually etched and removed by the NH3 atmosphere while Fe and N were successfully introduced into the carbon subtract. (details were shown in Table S2) After pyrolysis under NH3, FeNPs@Fe-N/C possesses the highest nitrogen content of 4.68% among all the three catalysts. The proportions of different N species can be obtained by analysing the high-resolution N 1s spectra (Figure 2c). The peaks in the high-resolution N 1s spectra are attributed to pyridinic N (398.7 eV - 398.33 eV), Fe-Nx (402.7 eV - 402.3 eV), pyrrolic N (400.2 eV - 399.8 eV), graphitic N (401.2 eV - 403.8 eV), and oxidized N (404.2 eV - 403.8 eV). FeNPs@Fe-N/C shows a higher pyridinic N of 0.965% than that of Fe-N/C (0.956%) and N/C (0.943%). Previous studies have demonstrated that pyridinic N coordinated Fe-Nx has a higher potential energy barrier for precipitation and hence better stability. 13, 18  Meanwhile, FeNPs@Fe-N/C exhibits a higher pyrrolic N of 0.389% than Fe-N/C (0.365%) and N/C (0.281%), which leads to the increasing ORR activity due to the excellent intrinsic activity of pyrrolic N. 19 (Figure 2 d) 
N2 adsorption–desorption isotherms were used to study the pore structure characteristics and specific surface area of the catalysts. The Brunauer‒Emmett‒Teller (BET) specific surface area of FeNPs@Fe-N/C is 866 m2 g-1, which is approximately five times higher than that of Fe-N/C (166.1 m2 g-1) and N/C (228.3 m2 g-1). (Figure 2e) Moreover, as summarized in Table S3, FeNPs@Fe-N/C showed a smaller average pore size of 2.59 nm than Fe-N/C (3.68 nm). The high specific surface area of FeNPs@Fe-N/C increased the number of exposed catalytic sites and enhanced mass transfer process, contributing to the improvement of ORR performance.25, 26 The Raman spectra of the samples show two distinct peaks: a graphitic G peak and a disordered D peak. The P peak related to disordered sp3-bonded carbon and the Am peak attributed to amorphous carbon are masked by the G peak and D peak.27 The degree of the catalyst ordering can be obtained by the following equation 1.28 The FeNPs@Fe-N/C catalyst possessed a smaller La of 8.71 than that of the Fe-N/C (10.66), suggesting that the degree of graphite phase ordering was disrupted during the ammonia heat treatment.(Figure 2 f) Carbon matrix with interrupted electronic structure is recognized for its positive impact on enhancing ORR activity. 29	Comment by Anthony Kucernak: Need to explain that La is the size in nm of the lateral extent of the graphene like sheets
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where El (laser energy) is 2.33 eV for 532 nm and AG and AD are the areas of the G peak and D peak, respectively.
3.2 Electrochemical measurements
The ORR performance of FeNPs@Fe-N/C, commercial Pt/C and other comparative materials was evaluated in a three-electrode electrolytic cell using a rotating disc electrode (RDE) in O2-saturated 0.1 M KOH aqueous solution at 1600 rpm. As shown in Figure S3, Pt/C has an apparent reduction peak, while Fe-N/C, N/C, and FeNPs@Fe-N/C do not show any obvious characteristic peaks. The linear sweep voltammetry (LSV) curves in Figure 3a confirm that the FeNPs@Fe-N/C affords a high onset potential (Eonset) of 0.99 VRHE, outperforming Pt/C (0.96 VRHE), while Fe-N/C and N/C show Eonset of 0.91 VRHE and 0.81 VRHE, respectively. Meanwhile, FeNPs@Fe-N/C possesses superior ORR performance with a half-wave potential (E1/2) of 0.914 VRHE, higher than that of Pt/C (E1/2=0.879 VRHE), Fe-N/C (E1/2=0.810 VRHE) and N/C (E1/2=0.702 VRHE), also comparative to the majority of previously reported catalysts as summarized in Table S4. As illustrated in Figure 3b, FeNPs@Fe-N/C displays the calculated Tafel slope of 72.34 mV dec-1, indicating faster reaction kinetics for the ORR in the low current density region,30 comparing to  the Fe-N/C and N/C of 75.96 mV dec-1 and 116.83 mV dec-1, respectively. Moreover, cyclic voltammetry (CV) in N2-saturated 0.1 M KOH aqueous solution was used to estimate the electrochemical surface area (ECSA) of the catalysts. As shown in Figure 3c and Figure S4, FeNPs@Fe-N/C has a higher ECSA of 22.78 mF cm-2 than that of Pt/C (9.56 mF cm-2), Fe-N/C (17.82 mF cm-2) and N/C (2.18 mF cm-2). The high ECSA of FeNPs@Fe-N/C is coincident with the significant increase in the specific surface area of BET, which indicates that the active area of FeNPs@Fe-N/C could easily access the electrolyte.31, 32	Comment by Anthony Kucernak: Normally I would need at least 1 order of magnitude of current density in order to quote a tafel slope as anything less than that might not be a stable reaction

I think 4 sig figs for Tafel slops are too much – I would suggest only 2

I think the difference in tafel slope between FeNPs@Fe-N/C and Fe-NC is not so statistically significant.	Comment by Anthony Kucernak: But you don’t mention that the Pt is even lower.

Note that at this high potential, the Tafel slope is not a true measure of the electrokinetic process but rather a measure of the surface becoming more available due to reduction in oxide coverage – i.e. it is an effect of surface availability of sites for oxygen adsorption
The electron transfer number and H2O2 yields were evaluated by rotating ring-disk electrode (RRDE) measurements. In the selected potential range of 0.7 VRHE -0.2VRHE, FeNPs@Fe-N/C exhibits below 4% H2O2 yield similar to Pt/C, while Fe-N/C and N/C show ~20% and ~50% (Figure 3d). As shown in Figure 3d, the corresponding electron transfer number of FeNPs@Fe-N/C is 3.96, outperforming that of Pt/C (n=3.94), N/C (n=2.86) and Fe-N/C (n=3.72). Thus, FeNPs@Fe-N/C exhibits excellent selectivity for the dominant 4-electron pathway, suggesting high energy efficiency and excellent potential for practical energy devices.33 	Comment by Anthony Kucernak: Again, I do not believe that you can tell these results to this level of certainty – I would say it is similar to that of Pt/C
[image: 3]
Figure 3. (a) LSV curves, (b) Tafel slope and (c) ECSA plots of catalysts based on the RDE measurements in 0.1 M KOH, with the Pt ring held at 1.5VRHE, 1600 r/min, 20 mV/s, catalyst loading: 0.5 mg cm-2, (d) the calculated transferred electrons and H2O2 yield of catalysts based on the RRDE measurements in 0.1 M KOH, with the Pt ring held at 1.5VRHE, 1600 r/min, 20 mV/s, catalyst loading: 0.5 mg cm-2.
More importantly, the FeNPs@Fe-N/C show excellent methanol resistance with essentially negligible degradation upon the addition of 3 M methanol (Figure 4a). In contrast, the current density of Pt/C decreases dramatically after the addition of methanol, indicating its high sensitivity of methanol. Furthermore, chronoamperometry (CA) test was recorded at 0.7VRHE to estimate the durability of the catalysts. The long-term test shows that the current density of FeNPs@Fe-N/C remains 88.69% after 16 h, while Pt/C decays to 69.08 after 9 h. (Figure 4b)	Comment by Anthony Kucernak: Acid or alkaline electrolyte?	Comment by Anthony Kucernak: This has been shown by many people – for instance out group	Comment by Anthony Kucernak: Unclear durability of which reaction process. Was this ORR or methanol oxidation? Not clear which process. Pt/C switches sign as it is more active for methanol oxidation than ORR, so unclear from diagram	Comment by Anthony Kucernak: Unclear what the experiment is as not described in the caption
[image: 4]
Figure 4. (a) Methanol tolerance test recorded at 0.7 VRHE, (b) the chronoamperometric curves of FeNPs@Fe-N/C and Pt/C in the stability test at 0.7 VRHE, (c) Polarization curves and corresponding power density plots (scan rate, 10 mV s−1), (d) cycle stability at 10 mA cm−2.	Comment by Anthony Kucernak: What background electrolyte – acid or alkaline?	Comment by Anthony Kucernak: Is this ORR in the presence of methanol? In which case the Pt/C is presumably opposite in sign in FeNC – unclear the experiment	Comment by Anthony Kucernak: Is this still methanol or zinc air performance?

Might be better to separate zinc-air from methanol to avoid confusion
Last but not least, the FeNPs@Fe-N/C was expected to be an efficient cathode catalyst for Zn-air batteries considering its superior ORR performance. A homemade Zn-Air battery was used to evaluate the practical application of the catalyst (Figure S5). As shown in Figure 4a4c, during the discharging process, FeNPs@Fe-N/C exhibits a current density of 375.5 mA cm-2 exceeding that of Pt/C (204.7 mA cm-2) and has a higher peak power density (175.7 mW cm-2) than Pt/C (112.8 mW cm-2). Furthermore, the open-circuit voltage (OCV) of FeNPs@Fe-N/C is 1.48 V, while Pt/C has an OCV of 1.44 V. In addition, the Zn-air battery stability of the FeNPs@Fe-N/C reaches 525.83 h under cyclic charging and discharging at 10 mA cm-12, far exceeding the commercial Pt/C that deactivated at approximately 32 h and other reported Fe-based catalysts. 4, 34-38 (Figure 4 d and Table S4).
3.3 Density Functional Theory (DFT) Calculation
[bookmark: _Hlk154755452][bookmark: _Hlk154759624]To determine how Fe nanoparticles enhance ORR activity of this material, density functional theory (DFT) calculations were utilized to explore the ORR mechanisms on these two Fe atomic sites in different microenvironments. Two ideal models representing bare Fe single atoms on the carbon skeleton (Fe-N/C) and mixed single atoms/nanoparticles (FeNPs@Fe-N/C) are presented in the calculations (Figure S6). Figure 5a and Figure S7 present the ORR reaction pathways on both the Fe single atom sites of Fe-N/C and FeNPs@Fe-N/C. It can be found *O + H+ + e- → *OH step has the largest free energy cost (ΔG) of 0.78 eV as potential-determining step (PDS) in Fe-N-C during ORR process, which limits its reaction activity. However, after introducing Fe nanoparticle to form FeNPs@Fe-N/C, the PDS switch to *OH + H+ + e- → H2O, and the ΔG of PDS greatly decreases to 0.54 eV, showing the potential of improvement for ORR performance. 
By analysing the adsorption energy of ORR intermediates on Fe-N/C and FeNPs@Fe-N/C, it is noticed that O species have weaker adsorptions after the combination of Fe nanoparticle, especially for *O state, thus induce the decrease of ΔG in PDS. In addition, this weaker adsorption tendency slows the accumulation of O species, which is beneficial for its stability. Furthermore, we have also calculated the partial density of states (PDOS) of Fe-N/C and FeNPs@Fe-N/C in Figure 5b. The result indicates that the Fe single atom in FeNPs@Fe-N/C have flat bonding peaks due to the bonding connection with Fe nanoparticle. This extra bonding leads to the d-band center deceasing to -2.73 eV in FeNPs@Fe-N/C, comparing to -2.49 eV in Fe-N/C, which finally induces the decrease of adsorption energies for ORR intermediates. In addition, the charge density difference diagram was presented in Figure 5c to show the electron transform tendency. In FeNPs@Fe-N/C, the electrons transfer from Fe nanoparticle to covered Fe-N/C catalytic site, ensuring the continuous provision for reduction reaction, and improving its ORR rate. 
[image: 5]
[bookmark: _Hlk155339368][bookmark: _Hlk155109952][bookmark: _Hlk155109927]Figure 5. (a) Gibbs free energy of FeNPs@Fe-N/C and Fe-N/C. Inset: ORR reaction pathway of FeNPs@Fe-N/C. Purple: Fe, Gray: C, Blue: N, Red: O. (b) Partial density of states of FeNPs@Fe-N/C and Fe-N/C. (c) Charge density difference diagram of FeNPs@Fe-N/C. Blue: Fe, Black: C, Gray: N.
4. Conclusion
In summary, we present an Fe nanoparticle-decorated Fe-N/C catalyst via a second pyrolysis strategy. The defects mainly originated from the etching effect of NH3 on the nitrogen-doped carbon, while Fe nanoparticles were also obtained from monoatomic Fe agglomeration during the secondary pyrolysis. With the combined effect of nanoparticles and defects, the catalyst shows high ORR activity due to the increased specific surface area and catalytic sites. The active site is considered to be Fe-N4. The electron-rich Fe nanoparticles readily transfer electrons to the Fe-N4 centers, facilitating O2 reduction and boosting ORR activity. Furthermore, the presence of nanoparticles likely promotes Fe-N4 stability by hindering its precipitation and aggregation through charge transfer interactions. On the other hand, the encapsulating graphite layer surrounding the nanoparticles provides enhanced corrosion and oxidation resistance compared to planar graphite layers. Theoretical calculations suggest that the Fe nanoparticles in FeNPs@Fe-N/C improve ORR performance by weakening the adsorption of O species and facilitating electron transfer on the Fe-N4 active sites. This study will inspire future catalyst design and synthesis for nanoparticle defects synergized with single atoms for electrochemical applications.
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ABSTRACT: We examine the performance of a number of single-atom M−N/C
electrocatalysts with a common structure in order to deconvolute the activity of
the framework N/C support from the metal M−N4 sites in M−N/Cs. The
formation of the N/C framework with coordinating nitrogen sites is performed
using zinc as a templating agent. After the formation of the electrically conducting
carbon−nitrogen metal-coordinating network, we (trans)metalate with different
metals producing a range of different catalysts (Fe−N/C, Co−N/C, Ni−N/C,
Sn−N/C, Sb−N/C, and Bi−N/C) without the formation of any metal particles. In
these materials, the structure of the carbon/nitrogen framework remains
unchanged�only the coordinated metal is substituted. We assess the performance
of the subsequent catalysts in acid, near-neutral, and alkaline environments toward the oxygen reduction reaction (ORR) and ascribe
and quantify the performance to a combination of metal site activity and activity of the carbon/nitrogen framework. The ORR
activity of the carbon/nitrogen framework is about 1000-fold higher in alkaline than it is in acid, suggesting a change in mechanism.
At 0.80 VRHE, only Fe and Co contribute ORR activity significantly beyond that provided by the carbon/nitrogen framework at all
pH values studied. In acid and near-neutral pH values (pH 0.3 and 5.2, respectively), Fe shows a 30-fold improvement and Co shows
a 5-fold improvement, whereas in alkaline pH (pH 13), both Fe and Co show a 7-fold improvement beyond the baseline framework
activity. The site density of the single metal atom sites is estimated using the nitrite adsorption and stripping method. This method
allows us to deconvolute the framework sites and metal-based active sites. The framework site density of catalysts is estimated as 7.8
× 1018 sites g−1. The metal M−N4 site densities in Fe−N/C and Co−N/C are 9.4 × 1018 sites−1 and 4.8 × 1018 sites g−1,
respectively.
KEYWORDS: fuel cells, single-atom catalysts, oxygen reduction reaction, PGM-free catalysts, M−N/Cs, active site density


■ INTRODUCTION
Single atom catalysts (SACs) have become a research frontier
in the field of heterogeneous catalysis because of the
maximization of atom utilization and the remarkable catalytic
performance in both organic1−5 and electrochemical pro-
cesses.6−9 For organic synthesis, SACs are widely used in the
hydrogenation reaction,1,10 oxidation,2,4,5 and methane trans-
formation.3 On the electrochemical side, SACs for the oxygen
reduction reaction (ORR) and the oxygen evolution reaction
(OER) are thriving research fields because typical catalysts
used for these reactions, especially in acidic electrolytes are
based on platinum-group metals (PGMs), which are scarce
materials. These reactions are kinetically sluggish and are key
steps for fuel cells, electrolyzers, and metal−air batteries.11−13


Therefore, non-precious metals like Fe- and Co-based, SACs
generally represented as M−N/Cs are being extensively
investigated as promising alternatives.7,11,12,14−19 In addition
to that, Ni, Cu, Fe, and Co SACs have shown good activities
for electrochemical carbon dioxide reduction reaction
(CO2RR).


20−24 Other interesting applications where SACs
have shown promising activities include electrochemical


production of hydrogen peroxide,25−27 hydrogen evolution
reaction (HER),28−30 and nitrogen reduction reaction
(NRR),31 etc. However, relatively poor volumetric activity of
SACs precludes them from many applications in industry due
to the desire for reaction intensification. In order to improve
the catalytic performance, it is important to increase the active
site density of SACs and understand how site density
influences the overall activity of the catalyst.32−34 Although
the metal center(s) is presumed to be the active site in many of
the reactions mentioned above, the active site density does not
equal the amount of metal present in the catalyst because some
metal centers are either inactive or buried and inaccessible to
the reacting species.35 In fact the situation becomes even more
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complex as the M−N/Cs potentially contain more than one
type of active sites. While high ORR performance of metal-free
carbon/nitrogen sites (N/Cs) has been well-documented
under alkaline conditions, only little has been understood so
far with regard to the acidic ORR activity of those N/C
framework sites. There are only a few reports on the ORR
activity of N/Cs in acidic electrolytes, which were mostly
focused on comparing the ORR performance in acidic and
alkaline electrolytes.36−39 A deconvolution of the site density
and activity (turnover frequency TOF) of the N/C framework
sites from metal M−N4 sites is important to improve our
understanding of M−N/C performance patterns in different
pH conditions, which still largely remains uncovered. This is
possibly due to the difficulties in preparing M−N/C catalysts
with the well-defined structure of active sites and a lack of
appropriate analytical methods to quantify the density and
TOFs of active sites in these types of catalyst materials.
Chemisorption of CO gas at room temperature and


electrochemical CO stripping are often used to estimate the
active site density for PGM-based catalysts due to the strong
bond formed between CO and PGM metals in a crystal lattice,
and the ease with which the blocking of catalyst sites by CO
adsorption can be linked to the loss in their catalytic
activity.40,41 However, non-precious M−N/C catalysts, like
Fe−N/C, do not show measurable chemisorption of CO at
room temperature nor does CO poison the ORR.35 Therefore,
quantifying active site density by CO chemisorption under
ambient conditions is difficult. Strasser and co-workers have
developed an ex situ measurement for iron active sites in Fe−
N/C, the most studied SAC, by CO pulse chemisorption at
−80 °C and 57Fe Mössbauer spectroscopy techniques.35,42


However, as those are ex situ techniques to determine the
active site density, it becomes difficult to establish a direct
correlation between the active site density and the correspond-
ing electrochemical activity of the catalyst.43 Many other ionic
and gaseous probes including hydrogen sulfide, cyanide, and
thiocyanide have also been reported, which interact with active
sites in Fe−N/C catalysts strongly but these interactions are
mostly irreversible and therefore do not provide accurate
quantification of the active sites.44−48


In 2016, our group developed an in situ method that used
NO as a probe molecule, which adsorbed reversibly on active
centers in the Fe−N/C catalyst in a liquid electrolyte leading
to poisoning of ORR activity, which was recovered in the
subsequent step by electrochemical stripping of adsorbed NO.
This method offered the advantages of reversible poisoning of
Fe−N/C activity and near-realistic measurement conditions
(liquid electrolyte pH 5.2).49 We also showed that NO can
come from a range of different sources including NO (nitric
oxide), NO2


−, (nitrite) and NH2OH (hydroxylamine).49 In a
later study, we showed a correspondence between gas-phase
chemisorbed NO and adsorption of NO in an electrochemical
environment.50 For electrochemical experiments, liquid-phase
nitrite (NO2


−) is often the preferred poisoning species because
it is easy to handle. The nitrite anion interacts with Fe centers
strongly, but this interaction, unlike CN− ions, does not
irrevocably destroy the catalyst and the catalytic activity can be
re-established by electrochemical reduction, which is quite
similar to the CO stripping used for Pt catalysts.51 We also
showed that the same process occurs in the gas phase using
NO and that gas-phase poisoning of the catalyst allows a direct
link between ex situ chemisorption measurements and in situ
NO poisoning experiments.50 Our work for the first time made


it possible to estimate the active site density of the Fe−N/C
catalyst electrochemically and directly link the loss in
performance to the number of sites that were poisoned�
allowing an unequivocal linkage between reversible poisoning
and performance loss. This approach is easy to operate because
no other special equipment is required and gives a reliable
active site density (SD) and turnover frequency (TOF).
In this study, we prepared a number of different SACs by a


(trans)metalation approach,16 which means that different
metal centers are coordinated into the same carbon/nitrogen
framework.18 This approach is unique because the active metal
ions are not present during the formation of the carbon/
nitrogen scaffold, thus preventing significant morphological
changes to the framework during the first pyrolysis step (e.g.,
changes in surface area, microporosity, amount of nitrogen
incorporation, etc).17,52 In that way, all the SACs prepared
have nearly identical framework morphology and nitrogen
functionalities and differ only in the type of active metal
centers. The ORR activity of the synthesized SACs is measured
in three different pH electrolytes to study the influence of the
metal centers and activity trend of the carbon/nitrogen
framework with varying pH values. Interestingly, most of the
SACs we tested showed very similar ORR activity in the same
electrolyte, except for Fe and Co, suggesting that the metal
sites were not responsible for the activity, but instead, the
performance is associated with the activity of the carbon/
nitrogen framework. Moreover, the similarity in the site density
of different SACs calculated by nitrite stripping also suggests
the existence of two different active sites in these catalysts:
framework sites (associated with the carbon/nitrogen (N/C)
framework) and M−N4 sites. Finally, we show that the nitrite
ions not only interact with M−N4 metal centers but also with
the carbon/nitrogen framework for the tested materials. By
comparing a variety of SACs, the density and TOF of
framework N/C and M−N4 sites are calculated separately.


■ METHODS
Preparation of Catalysts. All catalysts were synthesized


based on our previously published approach, which involves
three main steps.16 A commercial ZIF-8 (100% trade name
Basolite Z1200), as a source of nitrogen and carbon, was
pyrolyzed at 900 °C for 1 h in a tube furnace (Carbolite) under
flowing Ar gas (99.99%, BIP plus-X47S, Air products) and the
heating rate of the tube furnace was 3 °C min−1. The resultant
N/C was leached in 2 M H2SO4 (95%, VWR) overnight at 80
°C to remove Zn, which acted as the templating metal in order
to obtain a nitrogen-doped carbon (N/C) framework. For the
second step, the non-precious metal ions were (trans)-
metalated into the N/C framework. 100 mg of N/C was
dispersed in 100 mL of methanol (VWR) containing 25 mg of
non-precious metal salt including FeCl2·4H2O (Honey Fluka
99.0%), CoCl2·6H2O (Fluka Analytical, ≥98.0%), NiCl2·6H2O
(Sigma-Aldrich, ≥99.0%), CuCl2·2H2O (Sigma-Aldrich,
≥99.0%), MnCl2·4H2O (Sigma-Aldrich, ≥98.0%), SnCl4·
5H2O (Sigma-Aldrich, 98.0%), SbCl3 (Sigma-Aldrich,
≥99.0%), or Bi(NO3)2·5H2O (Sigma-Aldrich, 99.99%). The
mixture of N/C and non-precious metal solution was heated
under reflux overnight with stirring, followed by thorough
washing in deionized water (MilliQ 18.2 MΩ cm) and then
overnight washing in 0.5 M H2SO4 at room temperature to
remove the physically adsorbed non-precious metal ions.
Afterward, this non-precious metal-coordinated catalyst was
subjected to a thorough aqueous washing and was then dried
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in a vacuum oven overnight. Lastly, a second heat-treatment
step was carried out at 900 °C for 1 h in a tube furnace under a
flowing 5% H2/N2 (BOC) gas mixture and the heating rate
was 3 °C min−1. A reference (Zn)−N/C material was obtained
using the same preparative steps but without (trans)metaltion
and therefore did not contain any active metal center (except
residual Zn from ZIF-8 precursor).
Physicochemical Characterizations. X-ray photoelec-


tron spectroscopy (XPS) was performed on a Thermo
Scientific K-Alpha X-ray photoelectron spectrometer system
(Al Kα, 1486.6 eV). All data were recorded at a power of 19.2
W and an X-ray beam size of 400 μm × 200 μm. Survey scans
were recorded at a pass energy of 200 eV, and high-resolution
scans were recorded at a pass energy of 40 eV. All sample data
were recorded at a pressure below 10−8 Torr and a room
temperature of 294 K. Data were analyzed using CasaXPS
software and calibrated with C 1s peak at 284.8 eV. Inductively
coupled plasma mass spectrometry (ICP-MS) was performed
on an Agilent ICP-MS 7900. Nitrogen physisorption analysis
was done to calculate the Brunauer−Emmett−Teller (BET)
surface area, pore size, and pore volume by a Micromeritics
Tristar II 3020 instrument. The powder catalysts were dried at
140 °C overnight under nitrogen gas before the measurement.
High-purity nitrogen gas (BIP plus-X47S) was used during
analysis and high-purity helium gas was used for the free-space
measurement. Transmission electron microscopy (TEM) was
performed using a FEI Titan Tecnai G2 F20 electron
microscope. X-ray absorption spectroscopy (XAS) at transition
metal K-edges was performed at the 10C beamline of the
Pohang Accelerator Laboratory (PAL) in fluorescence mode.
As references, XAS of metallic foils and metal phthalocyanines
were also measured for energy calibration. X-ray absorption
near-edge structure (XANES) and Fourier transform (FT) of
the extended X-ray absorption fine structure (EXAFS) spectra
were processed using Athena software. The extracted EXAFS
signal, χ(k), was weighted by k3 to emphasize the high-energy
oscillations and then Fourier transform (FT) occurs in the k-
range of 3.0−11.0 Å−1. Note that the FT magnitude plots of
EXAFS spectra are not phase corrected and as such the real
bond length should be ∼0.4 Å longer than that shown in the
plots. Raman spectra were obtained on a Bruker confocal
Raman microscope SENTERRA II. The wavelength used was
532 nm and the substrate was the glass slide.
Nitrite Stripping. The procedure of nitrite stripping


follows that of our previous work.51 5 mg of the catalyst was
mixed with 1038.5 μL of isopropanol solution (1:1 volume
ratio of IPA/H2O) and 54 μL of Nafion (5 wt % solution,
Sigma-Aldrich) to prepare the ink and the ink was sonicated
for at least 30 min. 8.56 μL of ink, which gave a loading of 0.2
mg cm−2, was deposited on the glassy carbon disk of a rotating
disk electrode (RDE) with a mirror polished glassy carbon disk
and rotator model AFMSRCE. The same ink composition and
catalyst loadings were used for all electrochemical measure-
ments (both nitrite stripping and ORR activity measurements
in different pH electrolytes) in this study. A custom-made
three-compartment electrochemical glass cell was used; 0.5 M
acetate buffer at pH 5.2, which is used as the electrolyte was
prepared from sodium acetate (99%, Sigma-Aldrich), glacial
acetic acid (AnalR Normapur, VWR) and ultrapure water
(MilliQ 18.2 MΩ cm). The pH was confirmed using a pH
meter (Thermo Scientific, Orion Versastar). Glassy carbon was
used as the counter electrode and a saturated calomel electrode
(Sentek) was the reference electrode. A potentiostat (Autolab,


model PGSTAT20) was used for current and potential control
during the electrochemical measurements and the rotating
speed was 1600 rpm. Ultrapure nitrogen and oxygen gases
(BIP plus-X47S, Air products) were utilized in all experiments.
An important aspect of the electrochemical measurements is
the requirement of using current integration during the surface
electrochemistry (background and stripping scans) of the
catalyst. Surface electrochemical processes, such as those
occurring on the catalyst, may be incorrectly measured if the
common default configuration of staircase voltammetry with
sampled current measurements is used.
All electrochemical potentials are listed versus the reversible


hydrogen electrode (RHE) and the electrolyte was acetate
buffer solution. The detailed nitrite stripping methods are
shown in Supporting Figure S1. The catalyst was electro-
chemically cleaned by cycling (2 cycles, with a scan rate 5 mV
s−1 between 1.00 and 0.00 VRHE) in O2-saturated electrolyte
and activated under N2-saturated electrolyte with 10 cycles of
scanning between 1.10 and −0.3 VRHE with 10 mV s−1 and 5
cycles with 1 mV s−1. Then, the cleaning step was repeated
under O2 and N2 again. The measuring step involved three
electrochemical measurements: (1) oxygen reduction reaction
performance (2 cycles, 5 mV s−1, between 1.00 and 0.30
VRHE); (2) pre-baseline under nitrogen (2 cycles, 10 mV s−1,
between 1.00 and 0.30 VRHE); and (3) baseline under nitrogen
(2 cycles, 10 mV s−1, between 0.50 and −0.20 VRHE). For all
these three steps, the electrode was rotated at 1600 rpm. The
nitrogen pre-baseline data provide the background scan for
correcting the ORR data whereas the nitrogen baseline scan
provides the background scan for the nitrite stripping step.
Then the catalyst was poisoned by a four-step process using a
rotation rate of 300 rpm and during the poisoning step, the
electrode was at the open circuit potential (OCP). The catalyst
was poisoned by immersing the electrode into 0.125 M
NaNO2 solution for 5 min, which allowed the nitrite ions to
form a bond with metal as shown in the first reaction of
Scheme 1. Then, 1 min of water washing was introduced to
remove the excess nitrite ions, which were physically adsorbed
on the surface of the catalyst. Then the catalyst was immersed
in acetate buffer solution (pH = 5.2) to stabilize the NO,


Scheme 1. Reaction Scheme for the Adsorption and
Reduction of Nitrite Ions at M−N4 Active Site
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which is bonded with the catalyst. Malko et al. suggested that
the nitrite should interact with the metal center as a nitrosyl
ligand after immersing in acidic solution.49 Another 1 min of
water washing was done to complete the poisoning step. After
poisoning, the measuring step as described above was repeated
including ORR, pre-baseline, and baseline. The poisoned ORR
was recorded and then nitrogen cyclic voltammetry (CV),
including the pre-baseline and baseline measurements. In the
baseline measurement (between 0.5 and −0.2 VRHE), NO was
reduced via a five-electron reaction as shown in step 2 of
Scheme 1, and the ORR performance of the catalyst was
recovered after this reduction step. Therefore, the recovery
measurements were done to confirm that the catalytic
performance had been re-established. In order to calculate
the stripping charge more accurately, a second time poisoning
was done and the poisoning step was exactly the same as the
first time. However, after the second poisoning, ORR
performance was not recorded; only the nitrogen CVs were
taken. Based on the baseline region of nitrogen CV, the
stripping charge (Qstrip) could be calculated by eq 1.


Q C g
area AV


scan rate V s catalyst loading gstrip
1


1[ ] = [ ]
[ ] × [ ]


(1)


The area is calculated by the difference in baseline nitrogen CV
between poisoned and recovery scans (see the “Nitrite
Stripping to Quantify Active Sites in Different M−N/C
Catalysts” section). The stripping charge was used to calculate
the site density (SD) as shown in eq 2.
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F stands for the Faraday constant and nstrip is the number of
electrons involved in the reduction of one nitrosyl adsorbed on
the metal centers. The value of nstrip reported for the reduction
step can vary between 3 and 5 leading to different final
products such as hydroxylamine or ammonium ion as shown in
Scheme 1.53 As we reported previously, ammonium ions are


more likely to be produced. Therefore, we use a nstrip value of
5.49,51


Once the site density is calculated, the turnover frequency
(TOF) could be calculated as shown in eq 3, where Δik is the
change in the kinetic current between poisoned and
unpoisoned ORR.
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F MSD
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Oxygen Reduction Reaction. Different M−N/C catalyst
inks with a loading of 0.2 mg cm−2 were deposited on the
glassy carbon disk of a rotating ring-disk electrode (RRDE,
Pine Instruments, model AFE6R1AU with glassy carbon as a
disk with a concentric gold ring and rotator model
AFMSRCE). A custom-made three-compartment electro-
chemical glass cell was filled with either 0.5 M sulfuric acid
(VWR, 95.0%) or 0.1 M KOH (VWR, 85.3%) electrolytes. A
reversible hydrogen electrode (RHE) was used as the reference
electrode, which was connected to the electrochemical cell via
a Luggin−Haber capillary, and a glassy carbon rod was used as
the counter electrode. Ultrapure oxygen and nitrogen gases
(BIP plus-X47S, Air products) were used in the measurements,
which were taken in the potentiostat (Autolab, model
PGSTAT20) and all measurements were taken at a rotation
speed of 1600 rpm. The dried catalyst was first activated in the
O2-saturated electrolyte by cyclic voltammetry (CV) between
0.00 and 1.00 VRHE with a scan rate of 10 mV s−1 and the CVs
for the first three cycles are shown in Supporting Figure S2.
After 3 CV cycles, the catalysts were fully activated, and the
ORR performance was stabilized. Then the ORR polarization
curves were recorded by linear sweep voltammetry (LSV) from
1.00 to 0.00 VRHE with a scan rate of 5 mV s−1, and the gold
ring current was recorded at an applied potential of 1.50 VRHE
to calculate the yield of H2O2 by eq 4. A high ring potential
value was used to fully oxidize the hydrogen peroxide
produced for its accurate quantification.
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Figure 1. Meta-analysis of site density and TOF of Fe−N/C catalysts produced through different chemistries: (a) Master plot of site density/TOF
data for 38 catalysts produced in different laboratories and tested in our laboratory using the nitrite stripping method, data published in refs 32, 54,
55 and this paper and (b) analysis of the Tafel slope and exchange current density of 10 best catalysts (i.e., those which show activity at 0.90 VRHE),
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where Ir is the current recorded at the gold ring, Id is the disk
current, and N stands for the ring collection efficiency of the
RRDE. Subsequently, the nitrogen background was measured
by LSV under a N2-saturated electrolyte with the same
potential range and scan rate as the ORR. Ohmic resistances
were determined by electrochemical impedance spectroscopy
(EIS) for the iR composition.
Use of Nitrite Stripping to Characterize Fe−N/C


Catalysts Produced Using Different Synthetic Ap-
proaches. In order to compare the nitrite stripping process,
we have performed a meta-analysis of the performance of 38
different catalysts32,54,55 produced in a variety of different
laboratories and tested in our laboratory using the nitrite
stripping method as shown in Figure 1a. The performance of
the catalysts is determined at 0.80, 0.85, and 0.90 VRHE.
Although there has been some suggestion in the literature that
site density and turnover frequency are inversely related, we do
not see any statistically significant relationship between site
density and TOF assuming a power expression as shown in eq
5


SD const TOF= (5)


when α = −1, SD and TOF are inversely related, although this
equation uses α as a fitting parameter in order to find the best
value that can fit the data. Note that the best-fit lines on the
plots show very poor correlation coefficients (<0.5) and the
respective exponents of the best-fit curves are >−1, implying
that there is no statistically significant correlation and the
hypothesis is invalid. It is perhaps intriguing that we do not see
a common turnover frequency for all catalysts as might be
expected if there was only one active site. Surprisingly,
however, if we only concentrate on the most active catalysts,
i.e., those which achieve performance at 0.90 VRHE (composed
of two different classes of catalyst), we see a close grouping of
performance, all with a common Tafel slope (56 ± 2 mV
decade−1) and exchange current density ((2.0 ± 0.1) × 10−8


electrons site−1 s−1), suggesting that a common site prevails in
these catalysts. One interpretation, which we will explore in
this paper, is that the wide variation of results seen in Figure 1a
is due to the presence of two (or more) sites, which are
counted by the nitrite method, but which have different
activities. Thus, although we can count the number of sites, our
TOF is a composite performance made up of the TOFs of
different sites weighted by their proportion.


■ RESULTS AND DISCUSSION
Structural Characterization of the M−N/C Catalyst.


All M−N/C catalysts are prepared by exchanging Zn with
other active metals (M) in a methanol solution and the
synthetic steps are shown in Scheme 2 and details are provided
in our recent work.16 Pyrolyzed zeolitic imidazolate frame-
work-8 (ZIF-8) has been used as the Zn−N/C template and
zinc has been removed by acid leaching to generate abundant
vacant N/C sites. By refluxing the N/C framework with metal
chloride solutions in methanol, active metal centers are
effectively coordinated into the vacant N/C sites (via
metalation). In parallel, some metal ions will exchange with
residual zinc ions (via transmetalation) present in N/C, which
have not been removed by acid leaching. However, there may
still be some small amounts of zinc left in the final catalyst
probably as inaccessible Zn−Nx sites. As we reported in our
recent study, there was some nanoscopic iron oxide formed
during the reflux step, and was eventually converted into Fe−
N4 sites upon a second high-temperature pyrolysis step.16


Therefore, the catalysts were pyrolyzed at 900 °C again to
completely convert any nanoscopic metal oxides into M−N4
moieties. The benefit of this method is that all of the catalysts
have only minimal differences (if any) in the N/C framework
properties in the final materials, which allows us to investigate
the role of different metal centers hosted in a nearly identical
N/C scaffold.
Transmission electron microscopy (TEM) images (Figure


2a and Supporting Figures S3−S7) illustrate that the Co−N/C
catalyst, which is used as a representative example for all M−
N/Cs prepared in this study, has a polyhedron particle
morphology closely resembling that of the ZIF-8 precursor.
Also, the particle size for M−N/C catalysts is similar with ZIF-
8 and is around 400 nm. Figure 2b is a high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) image of Co−N/C and is clearly showing
that Co is atomically dispersed as bright spots in the
amorphous carbon without any visible cluster/nanoparticle
formation. Electron energy loss spectroscopy (EELS) analysis
was also performed to detect Co and results are shown in
Supporting Figure S8. Elemental mapping of different metals in
the synthesized M−N/Cs (Supporting Figures S3−S7 and S9)
indicates that the metals are evenly distributed. In some cases,
the distribution of metal centers in the elemental mapping
images is not so evident because of low metal contents.


Scheme 2. Synthesis of the M−N/C Catalyst via (trans)Metalationa


aU stands for the unactivated catalyst, which means the catalyst did not undergo second pyrolysis under 5% of H2/N2 i.e., no activation step.
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Detailed microscopy imaging and EDS mapping Fe−N/C are
shown in Supporting Figure S9 and in our recent work.16


Inductively coupled plasma mass spectroscopy (ICP-MS) was
used to determine the total contents of active metals in each


M−N/C and results are provided in Table 1. For Ni−N/C,
Mn−N/C, and Bi−N/C, the active metal loading is relatively


low (<0.50 wt %), while for Co−N/C, Sn−N/C, Sb−N/C,


Figure 2. Structural analysis of Co−N/C by (a) TEM; (b) FFT filtered atomic resolution HAADF-STEM image of Co−N/C; (c) Co K-edge X-
ray absorption near-edge spectra (XANES); (d) Co K-edge extended X-ray absorption fine structure (EXAFS) profiles of Co−N/C; (e) N2
adsorption and desorption isotherm, inset: zoom-in of relative pressure between 0.5 and 1.0; and (f) High-resolution nitrogen 1s X-ray
photoelectron spectrum.
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and Fe−N/C, the active metal loadings are in the range of
0.50−7.10 wt %.
X-ray absorption spectroscopy (XAS) measurements were


performed on various M−N/C catalysts to analyze the
coordination environments of active metal centers in those
materials. As can be seen in Figure 2d, the EXAFS spectrum of
the Co−N/C catalyst resembles closely that of the Co(II)
phthalocyanine [Co(II)Pc] with the main peak centered at
around 1.4 Å corresponding to a Co−N/O coordination. In
Co K-edge XANES spectrum (Figure 2c), the edge energy


(∼7730 eV) suggests that the valence state of Co in Co−N/C
is 2+ in accordance with the literature.56,57 For the pre-edge
region (7708−7710 eV), the Co−N/C has higher intensity
compared with Co(II)Pc, which suggests that Co potentially
formed non-planar Co−Nx.


56 The XANES of other M−N/C
was shown in Supporting Figure S10. As we have reported in
our recent work, the EXAFS spectrum of Fe−N/C fitted well
with a coordination number of 4 indicating the formation of
Fe−N4 sites (see Supporting Figure S11b and Supporting
Table S1).16 Similarly, the EXAFS spectra of other M−N/C
catalysts in Figure 3 show a main peak around 1.4 Å that is
generally attributed to a M−N/O coordination.1,56 From the
EXAFS analysis, it is clear that the M−N/C catalysts that we
have prepared using (trans)metalation of a pre-formed N/C
framework mainly consist of M−N4 sites without any
detectable side phases such as metal nanoparticles or metal
carbides, etc.
Nitrogen adsorption−desorption isotherms are type I for all


samples (Figure 2e and Supporting Figure S12). The
Brunauer−Emmett−Teller (BET) surface areas for all the
catalysts are in the range of 1000−1150 m2 g−1 and the
micropore volumes are between 0.36 and 0.40 cm3 g−1.
Detailed values of surface areas and pore volumes of all
catalysts are provided in Supporting Table S2. The low
variability of surface area and pore volume between different
samples indicates that the N/C framework mainly retained its
morphology in the final materials, which is beneficial for a fair
comparison of framework electrocatalytic activities of different


Table 1. Total Site Density (M−N4 + N/C sites), ICP-MS
Metal Content, Site Utilization, and TOFtotal of M−N/C
Catalysts


catalyst
ICP(metal)/


wt %
site density/
1019 sites g−1


metal site
utilization/%


TOFtotal
(0.75 VRHE)


(Zn)−N/C 8.50 0.30 0.38 0.83
Fe−N/C 7.10 1.42 1.85 3.34
Co−N/C 0.54 0.97 17.5 0.79
Ni−N/C 0.13 0.51 38.5 0.67
Mn−N/C 0.18 0.62 31.59 0.37
Sn−N/C 0.83 0.37 8.67 0.61
Sb−N/C 3.14 0.62 4.01 0.24
Bi−N/C 0.02 0.62 1083a 0.16
aThis abnormality in calculation of metal site utilization for Bi−N/C
is due to low ICP metal content but high site density. It also indicates
that the nitrite stripping is likely happening at N/C framework sites.


Figure 3. K-edge EXAFS profiles of different M−N/Cs. (a) Fe−N/C; (b) Mn−N/C; (c) Sn−N/C, and (d) Sb−N/C.
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metal centers with minimal interference of morphological
effects. The XPS analysis of M−N/Cs is shown in Supporting
Figures S13 and S14 and the elemental composition analysis
based on XPS for all catalysts are shown in Supporting Table
S3. The deconvoluted high-resolution N 1s spectra (Figure 2f
and Supporting Figures S13 and S14) indicate five different
bonding configurations of N atoms, including pyridinic N
(398.3 eV), M−N (399.7 eV), pyrrolic N (400.6 eV), graphitic
N (401.7 eV), and N oxides (403.5 eV).16 A summary of the
absolute total N and different N sites in different catalysts is
shown in Supporting Figure S15 and Supporting Table S4. The
majority of the nitrogen sites (up to 90%) in all catalysts are
present as pyridinic N, M−N, and pyrrolic N. The amount sof
graphitic N and N oxides are minor. As shown in Supporting
Figure S15, a relatively higher pyridinic N fraction is present
before the second pyrolysis step as compared to the final
activated materials. Raman spectrum of the Fe−N/C catalyst is
used to analyze the graphene domain size La (shown in
Supporting Figure S16). The calculated value of La is 7.3 ± 2.3
nm (average value calculated based on 10 positions of Raman
spectra). Based on the calculated value of average graphene
domain size, the percentages of basal, edge, and buried Fe−N4
sites were estimated in our recent work and shown in
Supporting Table S5.16


Oxygen Reduction Activity in Acidic, Near-Neutral,
and Alkaline Electrolytes. The ORR performance of all
catalysts was tested in acidic and alkaline electrolytes in a
rotating ring-disk electrode (RRDE) setup. The ORR linear
sweep voltammetry (LSV) responses and hydrogen peroxide
yields are displayed in Supporting Figure S17. ORR activity of
reference (Zn)−N/C material was also tested and compared to


the other M−N/Cs. For all catalysts, the ORR activity
improved after the activation step, for example, the half-wave
potential (E1/2) of Co−N/C increased from 0.48 to 0.70 VRHE.
The ORR performances of all catalysts in acidic (0.5 M sulfuric
acid pH = 0.3), near-neutral (0.5 M sodium acetate buffer
solution pH = 5.2), and alkaline (0.1 M potassium hydroxide
pH = 13) electrolytes were recorded and the detailed ORR
plots and %H2O2 yield are shown in Supporting Figures S17−
S24. All catalysts showed a better ORR performance in an
alkaline medium than in an acidic medium. In alkaline
conditions, most of the catalysts already reached their limiting
currents at 0.80 VRHE, but in acidic conditions, they barely
showed any catalytic performance at 0.80 VRHE with the only
exception of Fe−N/C. Moreover, the %H2O2 yield in alkaline
medium is always less than 25%, however, the %H2O2 yield is
between 10 and 35% in 0.5 M H2SO4. The Tafel plots at pH
0.3, 5.2, and 13.0 electrolytes are shown in Figure 4a−c,
respectively. In a pH = 0.3 electrolyte, both iron and cobalt
catalysts perform much better than others, which form a tight
cluster of performance except for bismuth which shows a
poorer performance among all (although with a similar shape).
Although both Fe and to a lesser extent Co do not develop a
well-defined Tafel slope, we display a line with a slope of 45
mV decade−1 so the results can be compared to the alkaline
case. For the other catalysts that cluster together, a similar
performance is seen with a high value of the Tafel slope (a line
of 150 mV decade−1 is shown for comparison). For the acetate
buffer electrolyte (pH = 5.2), a similar trend was observed as
the acid case. All catalysts had very similar shapes and
performances, except iron, cobalt, and bismuth. Cobalt showed
a Tafel slope at around 45 mV decade−1 for around two orders


Figure 4. Tafel plot and ORR mass activity comparison for M−N/Cs in different pH electrolytes. (a) Tafel plot of ORR measured in O2-saturated
0.5 M H2SO4 (pH = 0.3); (b) Tafel plot of ORR measured in O2-saturated 0.5 M acetate buffer solution (pH = 5.2); (c) Tafel plot of ORR
measured in O2-saturated 0.1 M KOH (pH = 13.0); (d) Comparison of mass activity in different electrolytes at 0.80 VRHE. For all measurements,
the scan rate was 5 mVs−1 with a rotation speed of 1,600 rpm and a catalyst loading of 0.2 mg cm−2.
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of magnitude and iron has a slightly higher Tafel slope without
a well-defined linear portion. The similar Tafel slope for cobalt
and iron over the electrolytes with different pH values
suggested the same number of electrons transferred in the
rate-determining step (RDS). However, for other catalysts
clustering together, they all showed varied Tafel slopes under
different electrolytes, indicating the change of the rate-
determining step (RDS) with pH. The best performance in
0.1 M KOH was seen for Fe with the other catalysts clustering
together in a band. Close examination of the results in KOH
shows that Fe and Co demonstrate a Tafel slope of close to 45
mV decade−1 at high potentials and in a range spanning more
than two orders of magnitude of current density (NB takes
about two orders of magnitude in current for a valid Tafel


slope to appear). Other catalysts show a continuous variation
in slope with no clear Tafel region, suggesting that there is a
change in RDS over that range of potentials. For illustration, a
line with a Tafel slope of 60 mV decade−1 is marked showing
that all other catalysts require relatively little overpotential to
accelerate the ORR in the high potential region (E > 0.7
VRHE). Because of the high performance of the catalysts, mass
transport to and within the catalyst layer complicates the
analysis as correction to kinetic current encounters large errors
once the current is a significant fraction of the mass transport
limiting current (5 mA cm−2 in these experiments).
The comparison of mass activity at 0.80 VRHE, which is


calculated from kinetic current, is shown in Figure 4d. Clearly,
the mass activity in an acidic medium is much poorer than that


Figure 5. Protocol of the nitrite stripping technique to estimate the active site density: white box stands for electrochemical measurement and the
orange box is a chemical process.


Figure 6. Nitrite stripping plots of M−N/Cs. (a, c) Baseline CV scans in nitrite reductive stripping with unpoisoned (black), nitrite poisoned (red),
and recovered (blue dash) catalyst. Inset shows the reductive stripping curve by subtracting the recovered from poisoned curve; (b, d) negative
shift of kinetic ORR activities upon nitrite poisoning unpoisoned (black), nitrite poisoned (red), and (a, b) Co−N/C and (c, d) Sb−N/C.
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in an alkaline medium at the same voltage (∼1000-fold lower
at the same potential). In acidic conditions, the mass activities
of most catalysts at 0.80 VRHE were similar to that of the (Zn)−
N/C catalyst except iron, cobalt, and bismuth-based catalysts.
Those of Fe−N/C, Co−N/C, and Bi−N/C were 30-fold
higher, 5-fold higher, and 10 times lower respectively,
compared with the mass activity of (Zn)−N/C. As the activity
does not appear to significantly change for catalysts composed
of Zn, Ni, Mn, Sn, and Sb, it is reasonable to assume that those
metals do not appreciably affect the performance of the
catalyst. Hence, the average mass activity (∼0.1 A g−1 in pH =
0.3 shown as a pale gray dashed line) should be the framework
mass activity of this kind of catalyst determined by the N/C
framework. Although the average mass activity in acetate buffer
solution (∼0.08 A g−1) is slightly smaller than the mass activity
in sulfuric acid, they had a similar trend, in which those of iron
and cobalt were 25-fold and 5-fold higher, respectively,
compared with the framework activity of the N/C framework.
In alkaline conditions, only Fe−N/C and Co−N/C catalysts
showed higher (6-fold higher performance) than the average
values estimated from the (Zn)−N/C material, whereas that of
bismuth was 1/3 of the performance of that material. In
alkaline conditions, the major ORR activity appears to be
controlled by the N/C framework as all catalysts had quite a
high mass activity (∼50 Ag−1) at 0.80 VRHE.
Metal ions play a more important role at lower pH,


including sulfuric acid and acetate buffer solution, because the
difference in mass activities between iron or cobalt and other
catalysts is greater than that in alkaline conditions. The mass
activities in alkaline conditions are much higher than in acidic
conditions, which suggests that the mechanism of ORR
depends on the pH of the electrolyte. In alkaline conditions,
some metal-free N/C catalysts reported in the literature also
showed a very good activity and they all suggested that the
amount of pyridinic N potentially influences the alkaline ORR
activities.58,59 For our materials, around 50 atom % of nitrogen
is pyridinic nitrogen as shown in the XPS (Supporting Table
S3); so this should be the reason why all our catalysts showed
relatively high ORR performance in the alkaline medium. The
pKa of pyridinic nitrogen is around 5.2, which suggested that
the nitrogen sites could be protonated under acidic conditions,
and hence, show a lower ORR activity.60 Moreover, according
to the kinetic isotope effect (KIE) study performed on similar
types of catalysts, an outer-sphere electron transfer process is
more likely to take place in an alkaline electrolyte, which does
not require direct adsorption of oxygen molecules on the
surface of the catalyst.61,62 This also suggests that metal centers
are not as crucial for alkaline ORR as they are for acidic ORR
where oxygen needs to be adsorbed on the metal centers (an
inner-sphere mechanism).
Nitrite Stripping to Quantify Active Sites in Different


M−N/C Catalysts. The measurement protocol of nitrite
stripping is shown in Figure 5. Some small modifications have
been introduced to measure the site density more accurately
and the detailed procedure is provided in Supporting Figure
S1.16 A current integrator was used for nitrogen CV to
determine the stripping charge more accurately. Nitrite
stripping is used to determine the active site densities in
seven different M−N/Cs including Fe, Co, Ni, Mn, Sn, Sb, and
Bi. Two representative examples of Co−N/C and Sb−N/C are
shown in Figure 6 and detailed ORR curves and nitrogen CVs
before and after nitrite poisoning are shown in Supporting
Figures S18−S24. A nitrite reduction peak can be observed at


around −0.2 VRHE. in the baseline CVs shown in Figure 6a,6c.
The site density values are calculated based on eq 2 using the
stripping charge and the change in kinetic current at a given
potential, for instance at 0.75 or 0.80 VRHE, is used to
determine the turnover frequency (TOF) according to eq 3.
The summarized site density and TOFtotal values at 0.75 VRHE
are shown in Table 1.
The site density values listed in Table 1 reveal that most of


catalysts except iron and cobalt interestingly have a very similar
number of active sites. This observation fits well with their very
similar ORR performances in acidic and alkaline electrolytes as
discussed earlier. As the ORR activities and site densities of
these M−N/C catalysts with the exception of Fe−N/C and
Co−N/C match closely to the reference (Zn)−N/C frame-
work despite vastly different loadings of coordinated metal
centers (e.g., 0.18 wt % Mn in Mn−N/C vs 3.14 wt % Sb in
Sb−N/C), this suggests that nitrite adsorption and reduction is
possibly occurring at non-metal N/C framework sites in those
catalysts. A comparative plot of NO stripping currents for all
M−N/Cs is shown in Supporting Figure S25 where only Fe−
N/C and Co−N/C show a distinct reduction peak at around
0.05 and −0.15 VRHE, respectively. The absence of any well-
defined nitrite reductive peaks for the rest of M−N/C catalysts
supports our assumption that nitrite is likely to be adsorbed
(and reduced) on the N/C framework without any detectable
contribution of metal sites in those catalysts. The number of
N/C framework sites (framework site density) is quantified by
averaging the stripping charge of all catalysts except Fe−N/C
and Co−N/C. The average value of stripping charge for all
other catalysts is 3.9 ± 0.9 C g−1, which corresponds to a
framework site density of 4.9 × 1018 sites g−1. This calculated
value of framework site density for the N/C framework is very
close to the number of sites (SD0 = 6.2 × 1018 sites g−1) in
Fe−N/C that we reported in our recent study as ORR inactive
in the high potential region (>0.80 VRHE) in an acidic
electrolyte (see Figure 5b and related discussion in that
paper).16 Furthermore, there is still around 40% ORR kinetic
current retained after poisoning (see Figure 6d as an example)
indicating that there are additional framework N/C sites
(around 40%) that are not poisoned by nitrite. If those
unpoisoned N/C sites are assumed to be the exactly same as
the poisoned ones, then the framework site density value
becomes 7.8 × 1018 sites g−1.
As discussed above in Figure 4, both Fe−N/C and Co−N/


C show considerably higher ORR activity in different pH
electrolytes as compared to the other M−N/C catalysts.
Moreover, the site densities of these two catalysts are around
2−3 times higher than the N/C framework site density. This
allows us to deconvolute the activity of catalysts in terms of
framework sites’ and metal sites’ contribution. The kinetic
mass activity (i.e., in the absence of mass transport effects) of
the catalyst at a given potential, pH, and containing a given
coordinated metal is composed of two components, one
associated with the activity of the metal sites, and one
associated with the activity of the framework. The framework
activity is common across all the catalysts whereas we have
shown that the mass activity of the metal sites is only non-zero
for Fe and Co catalysts. Therefore, the kinetic mass activity
could be calculated by eq 6.


j E j E


j E
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We can break down each of the mass activity components into
their respective site densities (SDs) and turnover frequencies
(TOFs) as shown in eqs 7 and 8.


j E E( , pH) SD TOF ( , pH)k
mass,metal metal metal= × (7)


j E E( , pH) SD TOF ( , pH)k
mass,framework framework framework= ×


(8)


Hence, the measured mass activity is dependent on four
independent parameters�two site densities and two turnover
frequencies. However, the question now comes as to whether
we can independently estimate the values of each of these
different parameters. It is assumed that site density for both
metal and framework sites does not change with potential or
pH in eqs 7 and 8 i.e., we attribute all the changes in mass
activity of the sites when changing potential and pH as due to a
change in TOF. jmass,frameworkk could be estimated by the average
performance of all catalysts apart from the Fe−N/C and Co−
N/C ones, as they all show the same activity. Thus, it appears
that the metal has no effect on the performance, suggesting
that all the activity comes from the N/C framework. For Fe−
N/C and Co−N/C, the extra mass activity noticed must be
due to the metal sites, therefore jmass,metalk for Fe and Co
catalysts could be calculated by the difference between jmass,totalk


and jmass,frameworkk . As the SDmetal values were estimated from
nitrite stripping, this also allows us to determine the TOFmetal.
The calculated SDframework, SDmetal, TOFframework, and TOFmetal
values as listed in Supporting Table S6. Both Fe and Co see
significantly more nitrite adsorbed than the other samples, but
interestingly we do see some nitrite absorption associated with
all samples, corresponding to on average 4.9 × 1018 sites g−1.
We thus need to correct the measured metal site density for
these “extra” absorption sites. Some framework N/C sites are
poisoned by nitrite and some are not, which suggests that eq 6
may need to be further modified to describe two different types
of framework sites. Figure 7 displays these values using the
determined mass activity of the framework (the asymptotic
minimum value seen as metal site density decreases), and the
measured catalyst mass activity associated with the determined


active metal site density (stars for Fe−N/C and rhombuses for
Co−N/C). The lines show the expected form of the curves as
metal site density is changed.
A comparison of TOF of different sites in different


electrolytes (Supporting Table S6) clearly shows that the
framework sites are considerably less active under acidic
conditions as TOFframework values are much smaller than those
of the Fe−N/C and Co−N/C sites. Iron sites (Fe−N4) are the
most active in pH 0.3 and pH 5.2 electrolytes with their TOF
values 2−4 times higher than those of the cobalt sites (Co−
N4). However, cobalt sites (Co−N4) give substantially higher
activity under alkaline conditions outperforming Fe−N4 sites
at all potentials. The framework N/C sites are also significantly
more active in an alkaline electrolyte as compared to their
corresponding pH 0.3 and pH 5.2 TOFframework values. Based
on the TOFframework and TOFmetal values calculated under
different pH conditions, the ORR kinetic mass activity can be
predicted if the metal surface site density is known as shown in
Figure 7. The stars represent measured performance data
points for Fe−N/C and rhombuses stand for the measured
activity of Co−N/C in this work. If the metal surface site
density in the M−N/C catalyst is very small, then the catalyst
will only show the framework activity, however, increasing the
metal surface site density would lead to a significantly higher
ORR mass activity.


■ CONCLUSIONS
We successfully prepared several different M−N/C single-
atom catalysts with M = Fe, Co, Ni, Mn, Sn, Sb, and Bi by our
recently reported ZIF-8-based (trans)metalation approach.
The benefit of this synthetic route is that all catalysts have a
nearly identical N/C framework structure and based on XAS
analysis, all prepared M−N/C catalysts consisted of M−N4
sites with no other detectable side phases. This allowed us to
compare the framework ORR activity of different active metal
centers in different pH electrolytes in a relatively fair manner
with minimal interference of morphological effects of the
carbon framework. ORR activity in different pH electrolytes
has been tested for all catalysts, including pH 0.3, 5.2, and 13.0.


Figure 7. Relationship between the metal surface density and the kinetic mass activity in three different pH electrolytes at 0.70, 0.75, and 0.80
VRHE: Stars are the measured Fe−N/C performance in this work and rhombuses stands for the measured Co−N/C result. Lines, including dashed
line, solid line, and dashed+dotted line, are the predicted jmass,totalk calculated from the metal surface site density.
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All catalysts exhibited higher ORR activity in alkaline
conditions than in acidic and near-neutral electrolytes. In an
acidic medium, the iron and cobalt metal sites (Fe−N4 and
Co−N4) showed significantly high ORR activity, while rest of
the tested single-atom metal sites were inactive toward ORR.
Interestingly, despite a substantial variation in the loading
amounts of Ni, Mn, Sn, Sb, and Bi in the N/C framework, the
ORR activity did not show a noticeable variation, suggesting
the existence of non-metallic N/C framework sites. The ORR
activity of these framework sites in the acidic electrolyte was
poor particularly in the high potential region (>0.75 VRHE) and
significantly lower than those of the Fe−N4 and Co−N4 sites.
However, in alkaline conditions the ORR activity of framework
sites improved greatly, although still lower than the Fe and Co-
based active sites. The existence of the N/C framework sites
was further supported by active site density measurements
using nitrite stripping, where all M−N/C catalysts except for
Fe−N/ and Co−N/C showed similar site density values
despite significantly different metal loadings. Based on nitrite
stripping results, an average framework site density value of
4.89 × 1018 sites g−1 was calculated. The calculated value of
site density for N/C framework sites matched closely to the
number of ORR sites in Fe−N/C that we recently reported as
inactive in the high potential region in an acidic medium.
Based on the new results presented in this work, it is now clear
that those sites are indeed the non-metallic framework sites,
which were up until now difficult to discern from M−N4 sites
due to the limitations of site density quantification methods as
well as difficulties in preparing M−N/C catalysts with well-
defined active sites and equivalent morphological structures.
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ison tolerance of non-precious
metal oxygen reduction reaction (ORR) catalysts†


D. Malko, T. Lopes,‡ E. Symianakis§ and A. R. Kucernak*


Electrochemical devices such as fuel cells are key to a sustainable energy future. However the applicability


of such under realistic conditions is not viable to date. Expensive precious metals are used as


electrocatalysts and contaminants present in the operating media poison the utilized catalysts. Here the


one pot synthesis of a highly active, self-supporting and surprisingly poison tolerant catalyst is reported.


The polymerisation of 1,5-diaminonaphthalene provides self-assembled nanospheres, which upon


pyrolysis form a catalytically active high surface area material. Tolerance to a wide range of substances


that poison precious metal based catalysts combined with high electrocatalytic activity might enable


numerous additional technological applications. In addition to fuel cells these could be metal–air


batteries, oxygen-depolarized chlor-alkali cathodes, oxygen sensors, medical implantable devices, waste


water treatment and as counter electrodes for many other sensors where the operating medium is


a complex and challenging mixture.

Introduction


The oxygen reduction reaction (ORR) is both crucial and
important not only for life on Earth, but also increasingly for
energy conversion and storage devices utilizing the clean
energy cycle between water on the one side and hydrogen and
oxygen on the other.1 The growth in adoption and application
of this sustainable energy cycle as an alternative to fossil fuel
based technologies is almost entirely dependent on the
development of the oxygen reduction reaction. Due to its
complex four electron pathway and the susceptibility of
current catalysts to common air poisons and to corrosion in
acid environments, designing catalysts for the ORR is chal-
lenging. To date the industry standard electrocatalyst for this
task is platinum, either alone or alloyed with other elements.
In a state-of-the-art H2/air polymer electrolyte fuel cell (PEFC)
with platinum catalysts, the cathode ORR is at least six orders
of magnitude slower than the anode hydrogen oxidation
reaction (HOR).2 This causes the cathode to require approxi-
mately 20 times the catalyst loading of the anode. Furthermore
even with this high loading of precious metal the performance
and thus usability of the cell drops if exposed to parts per
million of common air poisons e.g. sulphur dioxide, hydrogen
sulphide, nitrous oxides, aromatic hydrocarbons to name only
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n (ESI) available: Detailed catalyst
terisation, further electrochemical
794a
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a few.3–5 Therefore, the poison tolerance of catalysts is a crucial
design metric which is oen ignored and to the best of our
knowledge there are no reports of catalysts that are demon-
strated to operate under such highly demanding conditions.
At present, the most promising alternative ORR electro-
catalysts, with respect to price, availability, performance and
durability are non-precious metal nitrogen carbon compos-
ites.6–8 Generally, these catalysts are prepared through
a complex route of pyrolysing a mixture of conductive carbon
support with metal salts and a nitrogen source.7 The carbon
support acts as a high surface area template and improves the
electrical conductivity of the resultant catalyst. Recently, non-
precious electrocatalysts with a very high surface area have
been reported that performed better than Pt in perchloric
acid,9 although with a complex structure and impractical for
large scale production. Numerous other ways of preparing
such catalysts exist. The approach shown here demonstrates
that generating versatile, simple, scalable and highly active
carbon based ORR catalysts is possible solely by choosing
a nitrogen-containing carbon precursor with suitable
morphology. Although the produced catalysts may not match
the activities of the very best carbon/nitrogen containing
catalysts in the literature, the removal of the carbon support
makes the catalyst much less complex and simplies the
synthesis whilst retaining the desirable high activity and
conductivity. Moreover, it is shown that this catalyst is highly
poison tolerant i.e. highly selective towards the reduction of
oxygen, which is of fundamental importance in practical
applications, where platinum based catalysts are adversely
affected. This applies not only in an electrolyte solution but
also at the device level.

This journal is © The Royal Society of Chemistry 2016
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Experimental
Synthesis of catalyst


The catalyst ODAN was synthesized by dispersing 500 mg (3.16
mmol) of 1,5-diaminonaphthalene (97% from Alfa Aesar) and
500 mg (2.19 mmol) of (NH4)2S2O8 (98% from Sigma-Aldrich) in
50 mL of ethanol (absolute from VWR). The dispersion is stirred
for 24 h at room temperature. The resulting mixture is heated to
80 �C in order to evaporate the solvent. When dry, the resulting
residue is transferred to an alumina boat (11 cm long by 2 cm
wide by 1 cm deep, approximately 10 mL of volume capacity)
and heat treated at 1000 �C for 2 h in a tube (quartz) furnace
(Carbolite) at a heating rate of 20 �Cmin�1. This heat treatment
was performed in an inert atmosphere, under a continuous ow
of nitrogen (50 ccm). Aer cooling down under this nitrogen
atmosphere, the resulting material was removed from the
quartz boat and ready for use.


Electrochemical analysis of catalyst


For the electrochemical experiments using the Rotating Ring
Disk Electrode (Pine Instruments, model AFE6R1AU having
a mirror polished glassy carbon as disk and rotator model
AFMSRCE), the catalyst was deposited on the glassy carbon disk
following a procedure described in the literature.10 The refer-
ence platinum catalyst was 60 wt% Pt on high surface area
carbon from Johnson Matthey (HiSpec 9100, Alfa Aesar). A three
compartment electrochemical glass cell was used for the
aqueous electrochemical tests, being the electrolytes prepared
by diluting the concentrated reagent to the necessary degree, or
0.5 M H2SO4 (H2SO4 97% Aristar from VWR), 0.5 M HCl (HCl
37% from VWR), 0.1 M NaOH (NaOH 97% from Sigma-Aldrich),
Ringers solution (Sigma Aldrich). The RHE reference electrode
(GaskatelHydroFlex) was ionically connected to the main
compartment of the electrochemical glass cell via a Luggin–
Haber-capillary. A glassy carbon rod was used as counter elec-
trode and ionically connected to the main compartment of the
glass cell through a porous frit. Glassy carbon was used instead
of Pt in order to avoid contamination with catalytically active
precious metals. A potentiostat (Autolab, model PGSTAT20) was
used for potential or current control during the electrochemical
measurements. Steady state oxygen reduction reaction polari-
zation curves, performed in O2-saturated electrolyte solutions
were obtained via step potentials of 30 mV with waiting time of
30 seconds. Ultrapure gases utilized in this study were, nitrogen
and oxygen (BIP plus-X47S, Air products). For fuel cell tests,
compressed air, oxygen (as above) and hydrogen BOC grade
N6.0 was utilized.


Poisoning experiments (in electrolyte solution)


The experiments where the catalysts are exposed to poisons
were carried out by quantitatively adding the desired substance
to the electrolyte to reach the mentioned concentration levels.
For the experiments where chloride anions are involved,
a quantitative volume of HCl (HCl 37% from Sigma-Aldrich) was
added to the main compartment of the electrochemical glass
cell, which is the same condition for when methanol (ACS grade

This journal is © The Royal Society of Chemistry 2016

from VWR) was employed. In the experiments where urea was
involved the respective amount of a 2.5 M urea solution in 0.5 M
H2SO4 was added.


Single PEFC tests


For tests in a single Polymer Electrolyte Fuel Cell (PEFC), the
Membrane Electrode Assembly (MEA) was prepared as per
a procedure described in the literature.11 The reference catalyst
was a Johnson Matthey Reformate Cathode Electrode with
a loading of 0.4 mgPt cm


�2 electrode (from Alfa Aesar), which
was also utilized as anode electrode on every MEA. The poly-
meric electrolyte was a Naon™ 212 membrane (from Ion
Power). The catalysts synthesized here were quantitatively
deposited on a 5 cm2 gas diffusion layer (Toray Carbon Paper,
Baselayered, TGP-H-60 from Alfa Aesar) as per literature
procedure.11 All single PEFC tests refer to a 5 cm2 in electrode
area. Polarization curves were performed utilizing an electronic
load (Kikusui KFM2150). Gases were humidied via a humidi-
cation system from Fuel Cell Technologies, Inc.


Poisoning experiments (single PEFC)


For the contamination experiments, the contaminated gas
stream was obtained by mixing pure air with a N2 or air stream
containing the desired substance (e.g.H2S, benzene or toluene).
The gas streams containing contaminants were injected
without humidication to the main gas stream (pure air), which
were already humidied. For the experiment where hydrogen
sulphide was employed, 50 ccm of 1000 ppm H2S in balance of
nitrogen (from Air Products) was mixed with 550 ccm of air,
reaching a nal ow rate of 600 ccm, containing 83 ppm of H2S.
When benzene and toluene was utilized, an air stream (50 ccm)
was owed through a solution of either benzene (Ana-
laRNormapur from VWR) or toluene (toluene 99.8% from
Sigma-Aldrich) prior to mixing with 550 ccm of air. The
concentration of toluene and benzene in the 50 ccm air stream
was veried by the use of a Benchtop UV-Vis Spectrometer
(Perkin-Elmer Lambda 25). For this experiment 50 ccm of air
was owed through either a benzene or toluene pure solution
and fed into a quartz ow cell in the spectrometer, by recording
the absorbance of the characteristic peaks for benzene and
toluene the respective concentrations in the gas stream could be
determined.


Results and discussion


Catalyst precursors were synthesized in a simple one pot
process at room-temperature by dispersion of an appropriate
diamine in ethanol with addition of ammonium persulfate to
promote the formation of oligomers. This was monitored by UV-
Vis spectroscopy and Mass Spectrometry (see ESI Fig. S1† and
Appendix). Aer 24 h the temperature was raised to 80 �C,
thereby removing the solvent and completing the polymeriza-
tion. A particularly important precursor was the polymer
produced from 1,5-diaminonaphthalene, which appropriately
formed self-assembled nanospheres, veried by scanning elec-
tron microscopy (Fig. 1b). The catalyst precursors were then
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Fig. 1 (a) Schematic, depicting the synthesis procedure of the catalyst (b) Scanning Electron Microscopy image of polymerized 1,5-dia-
minonaphthalene as precursor for the ODAN catalyst (c) Scanning Electron Microscopy image of ODAN catalyst material after heat treatment at
1000 �C for 2 h.


Table 1 Contribution of external andmicroporous surface area (SA) to
the total SA of the respective catalysts, as determined by nitrogen
adsorption analysis.


Catalyst
External SA
[m2 g�1]


Microporous
SA [m2 g�1] Total SA [m2 g�1]


ODAN 126 488 614
Fe-ODAN-1% 116 362 478
Fe-ODAN-14% 203 188 391
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subjected to heat treatment in a tube furnace at 1000 �C in an
inert atmosphere for 2 h in order to obtain the nal catalysts,
with ODAN denoting a catalyst where no additional transition
metal salt was added. The pyrolysis step promotes a number of
chemical transformations towards achieving high electrically
conductive and high surface area carbon materials, doped with
heteroatoms, e.g. nitrogen and sulphur, which possess a desir-
able morphology (Fig. 1c) and a high electrocatalytic activity for
the technologically important reduction of oxygen (Fig. 4). The
electrical conductivity of ODAN was determined as per modied
literature method to be as high as �100 S m�1 under
a compression of �2 MPa, a value that is comparable to that
measured for highly conductive carbon blacks (see ESI†).12


Furthermore, a range of different diamines were assessed as
monomers (see ESI†), with oligo-1,5-diaminonaphthalene pos-
sessing the most suitable morphology13 to obtain the desired
high surface area, electrically conductive material upon heat
treatment. The other polymerized diamines showed coarse
structures with larger agglomerates (ESI Fig. S2 and S3†) and
formed low surface area materials upon pyrolysis. In this study,
catalysts synthesized with addition of FeCl2 and CoCl2 to the
ethanolic monomer solution and in the absence of an addi-
tional oxidant were also assessed. It was found that these metal
cation species facilitate the oxidative polymerization (see ESI
Fig. S1† for UV-Vis spectra and Appendix for Mass Spectra).
Presumably, this occurs via the autoxidation to the metal +3
species by oxygen in this solution, a phenomenon already
described for ferrous ions in water.14 Co and Fe containing

144 | J. Mater. Chem. A, 2016, 4, 142–152

catalysts were synthesized with a high metal content of 2.2/0.9
molar ratio monomer/metal ion or �14 wt% monomer of Fe
denoted as Fe-ODAN-14% and�16 wt% Co respectively denoted
as Co-ODAN-16%. Another catalyst was synthesized with 1 wt%
of Fe denoted as Fe-ODAN-1%. The surface area of the catalysts
were determined by nitrogen adsorption analysis (Table 1). The
catalyst without any addition of metal salt (ODAN) has a BET
surface area as high as 614 m2 g�1, the catalyst Fe-ODAN-14%
391 m2 g�1, the catalyst Fe-ODAN-1% 493 m2 g�1 and the
catalyst Co-ODAN-16% 64 m2 g�1 (see ESI Fig. S4† for N2


adsorption isotherms). This suggests that metal ions promote
carbon materials with lower surface areas.


The analysis of the external versus microporous surface area
is shown in Table 1. While for the catalyst ODAN and Fe-ODAN-
1%, the contributions of microporous surface area is larger than
that of external surface area, it is reversed for the catalysts Fe-
ODAN-14% and Co-ODAN-16%. It seems that the addition of

Co-ODAN-16% 38.5 26.5 65.0


This journal is © The Royal Society of Chemistry 2016
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metal salts leads to the formation of a less microporous carbon
framework. Further structural information on the carbon phase
was obtained by X-ray powder diffraction (XRD) and Raman
spectroscopy (Fig. 2). XRD shows reection peaks characteristic
for graphitic structures on the diffraction patterns of Co-ODAN,
Fe-ODAN and ODAN (Fig. 2c). Judging from the Bragg reection
of the (002) peak for the diffraction position, the intensity and
the width of the peak, the crystallinity of the catalysts are in the
order Fe-ODAN-1% < ODAN < Fe-ODAN-14% < Co-ODAN-16%.
This is conrmed by the calculated average interlayer distance
(d002) using Bragg's law for Fe-ODAN-1%, ODAN, Fe-ODAN-14%
and Co-ODAN-16% being 0.355 nm, 0.353 nm, 0.346 nm and
0.341 nm respectively, with graphite being 0.335 nm.15,16 This
result along with analysis of the crystallite size indicate that
single crystallites were composed of approximately 6, 7, 15 and
19 p-stacked nanographene sheets for ODAN, Fe-ODAN-1%, Fe-
ODAN-14% and Co-ODAN-16% respectively. This suggests that
metals clearly promote increased stacking of the carbon cata-
lysts. The trend in graphitization observed in XRD was also
veried by Raman spectroscopy (Fig. 2a). The width of the
Raman G and D bands increases in the order Co-ODAN-16% <
Fe-ODAN-14% < ODAN < Fe-ODAN-1% (Fig. 2a), suggesting
increased defects and/or tortuosity of the graphene layers.17,18 A
plot of the average continuous graphene length including
tortuosity (Leq) vs. the inverse full width at half maximum of the
2D band (DW2D


�1) (Fig. 2b) gives further insight. The plot shows
that the average in-plane graphene lengths (La) for ODAN, Fe-
ODAN-1%, Fe-ODAN-14% and Co-ODAN-16% are estimated as
0.8 nm, 1.1 nm, 1.9 nm and 2.7 nm respectively. This suggests
that the presence of iron and cobalt in the preparation of the
catalysts promotes the formation of lengthier graphene sheets.
In contrast, the catalyst prepared without addition of metals
(ODAN) presents a highly disordered carbon nanostructure,

Fig. 2 (a) Raman spectra of ODAN, Fe-ODAN-1%, Fe-ODAN-14% and
Co-ODAN-16%. (b) Plot of the average continuous graphene layer
length (Leq) of selected catalysts as a function of the crystalline quality
at curvature [(DW2D


�1)] for a comparative analysis of the degree of
graphitization. (c) XRD spectra of ODAN, Fe-ODAN-14%, Fe-ODAN-
1% and Co-ODAN-16%. The shape of the peak at �26� shows that the
degree of graphitization is reduced from Co-ODAN-16% over Fe-
ODAN-14% to ODAN, which is also seen for the peak at �44�.


This journal is © The Royal Society of Chemistry 2016

which is indicated by the second-order Raman peaks for ODAN
(Fig. 2a) that merge to form a modulated bump from �2400 to
�3100 cm�1, in contrast, the high degree of graphitization for
Fe-ODAN-14% and Co-ODAN-16% can be deducted from the
sharp peaks at these wavenumbers.17,18 As the catalytic activity
of the less graphitized and higher disordered catalysts Fe-
ODAN-1% and ODAN is signicantly higher than for Fe-ODAN-
14% and Co-ODAN-16%, both in acid and alkaline electrolyte
(Fig. 4a and b) a disordered structure with a lower degree of
graphitization could be linked to catalytic activity, however the
BET surface area also decreases in the same order, suggesting
an alternative correlation. In order to gain further insight into
the nanostructure of the catalyst, high resolution transmission
electron microscopy (HRTEM) was performed (Fig. 3c and d).
This generally conrms BET, XRD and Raman results, with
further and important information. Clearly, there are turbos-
tratic-like regions and others with an interesting fabric-like
nanostructure,17 where metal apparently promotes the latter
and the catalyst without metal promotes the former (see ESI
Fig. S5†). In order to gain further understanding of the
elemental surface composition, X-ray photoelectron spectros-
copy on the best acid-performing catalyst Fe-ODAN-1% was
performed. The wide scan revealed all detected elements at the
surface to be C (�86.2%), N (�4.0%), O (�7.6%), S (�2.1%) and
a minute amount of Fe (�0.2%) (ESI Fig. S6†). The nitrogen
species are 25% pyridinic, 11% pyrrolic, 45% quaternary, 14%
NO2�, 5% NO (Fig. 3a). Examination of the sulphur 2p peak
(Fig. 3b) reveals two main contributions of sulphur present in
the sample that can be assigned to aromatic sulphur or thio-
phene and sulfones or sulphates respectively.19 It is likely that
all the sulphur introduced by the persulphate species used for
oxidative polymerization is either decomposed or completely
incorporated into the carbon framework as aromatic sulphur
and the sulphate present on the surface is due to leaching with
sulphuric acid. This is deduced because of the lack of a sulphate
peak in a not acid-leached sample (ESI Fig. S7 and S8†). Neutron
Activation Analysis (NAA) is a very sensitive technique, being
especially useful for trace element analysis (ESI†). It has been
argued in the literature that iron, cobalt and less importantly
chromium take part in the catalytic activity of non-precious
catalysts.20 The NAA result of ODAN aer being subjected to
reux in 0.5 MH2SO4 for 8 h shows a concentration of 7 ppm, 10
ppm and 732 ppm by weight of Co, Fe and Mn respectively.
Therefore, the present investigation notably shows that neither
iron nor cobalt are necessarily required to produce highly active
carbon based catalysts for both acid and especially alkaline
media (Fig. 4). However a trace amount of Mn that was detected
could be the cause of the higher activity compared to other
metal free catalysts reported in the literature.20 The catalytic
activity and 4 electron selectivity of the catalysts towards the
ORR was assessed along with a reference catalyst using the
Rotating Ring Disc Electrode (RRDE) method, with cross-
comparison at 1600 rpm (Fig. 4a and b). To ensure that no ORR
active precious metal contamination was introduced into the
electrochemical cell, a RRDE with a glassy carbon disc and gold
ring together with a glassy carbon counter electrode was
chosen. Among the various catalysts synthesized, the metal-free
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Fig. 3 (a) High resolution N1s XPS spectrum with the peaks deconvoluted into pyridinic, pyrrolic, quarternary and oxidised nitrogen species. (b)
High resolution S2p XPS spectrum showing peaks that can be assigned to aromatic sulphur and sulphate species respectively. (c) and (d) TEM
images of ODAN catalyst.


Journal of Materials Chemistry A Paper


Pu
bl


is
he


d 
on


 1
7 


N
ov


em
be


r 
20


15
. D


ow
nl


oa
de


d 
on


 1
5/


01
/2


01
6 


22
:5


2:
23


. 
View Article Online

synthesized ODAN showed a remarkably high ORR activity in
alkaline media, which even surpasses the activity of the state of
the art Pt catalyst used in this study (Fig. 4b). It shows a�40 mV
reduction in overpotential (�70 mV at half-wave potential) vs.
Pt/C, determined by extrapolating the tangent at the half wave
potential towards zero current. Additionally the catalysts ODAN
and Fe-ODAN-1% with only 1 wt% Fe also performs well in 0.5
M H2SO4, conditions that resemble the acidic environment in
an operating fuel cell. Fe-ODAN-1% performs slightly better
than ODAN and shows an only �50 mV increase in ORR over-
potential (�100 mV at half-wave potential) vs. Pt/C (Fig. 4a). The
oxygen reduction pathway to the desirable water (4e�) versus the
detrimental hydrogen peroxide (2e�) was assessed directly
through the peroxide yield detected in situ and indirectly via the
number of electrons transferred in the reaction, with a Kou-
tecky–Levich analysis. For the catalysts Fe-ODAN-1% and ODAN
peroxide yield is below 4%measured in 0.5 M H2SO4 and below
8% in 0.1 M NaOH, which is comparable to the Pt catalyst and
shows that the reduction favours the formation of water. The 4
electron selectivity of the catalyst ODAN is further conrmed by
Koutecky–Levich analysis, showing an electron transfer number
of �4 in 0.5 M H2SO4 (ESI Fig. S11†) and �3.6 in 0.1 M NaOH
(ESI Fig. S12†). This is in agreement with the observed peroxide
yield at the gold ring, showing a preference for the complete 4
electron pathway. This low peroxide yield even on the almost
metal free catalyst conrms that H2O2 decomposition induced
by transitionmetal centres might not play a crucial role for the 4
electron route in this specic catalyst, as shown in literature for
similar catalysts.22,23 The catalysts with a higher metal content
Fe-ODAN-14% and Co-ODAN-16% showed a signicantly higher

146 | J. Mater. Chem. A, 2016, 4, 142–152

peroxide yield, especially in alkaline medium. Striking is the
high peroxide yield of the Co containing catalyst of 20–30% in
the potential region between 0.6 V and 0.2 V vs. RHE. This
selectivity might be exploited to create efficient hydrogen
peroxide forming catalysts. The Tafel plot of the kinetic current
density shows the typical 2 slopes for Pt/C of �60 mV dec�1 and
�120 mV dec�1, both in 0.1 M NaOH and 0.5 M H2SO4


(Fig. 4c).10 To get a better understanding of the kinetics of the
catalysts ODAN in 0.5 M H2SO4 and 0.1 M NaOH, and Fe-ODAN-
1% in 0.5 M H2SO4 are shown on the same plot as the Pt/C
catalyst (Fig. 4c) with Tafel slopes of �94 mV dec�1, �75 mV
dec�1 and �89 mV dec�1 respectively. To enable comparison to
other non-precious metal catalysts Table 2 shows the mass
activities and volumetric current densities of the best catalysts
at 0.8 V vs. RHE in acidic and 0.9 V vs. RHE in alkaline elec-
trolyte calculated from the RDE data at room temperature. The
data was not corrected for mass transport effects. These results
fall well within the range of other active Fe–N/C catalysts re-
ported in literature on an RDE in the same electrolyte.24 To
perform RDE durability testing, an ORR steady state polariza-
tion plot was recorded and the catalyst was cycled in N2 satu-
rated electrolyte between 0.6 V and 1.0 V. Subsequently steady
state polarization plots were taken again. A plot of the geometric
ORR current densities obtained aer these cycles at 0.81 V
(Fig. 4d) shows that the main degradation takes place during
the rst 100 cycles, approaching a low level of degradation
thereaer. This is important for technological applications. It is
well known in literature that a higher catalyst loading can
change the apparent peroxide yield detected on the ring.25 If a 2
+ 2 mechanism is present, the thicker catalyst layer will allow

This journal is © The Royal Society of Chemistry 2016
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Table 2 Mass activities and volumetric current densities for the best performing catalysts. Values taken at the respective potential versus RHE in
the RDE setup at room temperature and are not mass transport corrected.


Catalyst Electrolyte Potential [V vs. RHE] Mass activity [A g�1] Volumetric currenta [A cm�3]


ODAN 0.5 M H2SO4 0.8 0.40 0.16
Fe-ODAN-1% 0.5 M H2SO4 0.8 0.67 0.27
Fe-ODAN-14% 0.5 M H2SO4 0.8 0.13 0.052
ODAN 0.1 M NaOH 0.9 1.1 0.44
Fe-ODAN-1% 0.1 M NaOH 0.9 0.065 0.026
Fe-ODAN-14% 0.1 M NaOH 0.9 0.67 0.27


a Assuming a catalyst layer density of 0.4 g cm�3.21
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the further reduction of peroxide before it can diffuse out of the
layer, thereby reducing the observed yield and making it diffi-
cult to assess the true electron transfer number.23,25,26 Therefore

Fig. 4 (a) Steady-state RRDE measurement in 0.5 M H2SO4, rotating spe
precious metal catalysts: 750 mg cm�2, Pt/C: 60 mgPt cm


�2, O2-saturated
Tafel plot of selected catalysts in 0.5 M H2SO4 and 0.1 M NaOH (d) lon
different potentials after cycling between 0.6 and 1 V versus RHE in N2-


This journal is © The Royal Society of Chemistry 2016

there might be different types of active sites, as suggested in
literature.27,28 Firstly the desirable active sites that promote the
true 4 electron pathway. Secondly active sites which

ed: 1600 rpm, 30 s hold, 30 mV step potential, catalyst loading: non-
at 1 atm (bottom) ORR activity (top) peroxide yield (b) in 0.1 M NaOH (c)
g term stability test: current density in O2-saturated 0.5 M H2SO4 at
saturated 0.5 M H2SO4.
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predominantly promote a 2 electron pathway with or without
the capability to further reduce peroxide and lastly a type of
active site that predominantly reduces peroxide. All active sites
might be present within the catalyst at the same time.28 If a high
enough number of the 2 electron active sites is present, a lower
loading of catalyst will show a higher measured peroxide yield at
the ring.25,28 Therefore we tested the best performing acid
catalyst Fe-ODAN-1% at different loadings (Fig. 5). It can be
clearly seen that for this catalyst the peroxide yield seems to be
independent on loading. This indicates a high proportion of 4
electron active sites. Another important aspect to applicability
under challenging conditions, such as in fuel cells, sensors or as
cathode catalyst for the oxygen depolarized chlor-alkali elec-
trolysis is that the catalyst has to be tolerant to a wide range of
substances. While Pt and also other metals show high activities,
they are not selective towards the desired reaction and catalyse
other unwanted side-reactions. They are therefore susceptible
to poisons such as methanol, hydrocarbons, chlorine/chloride
and hydrogen sulphide.29–31 This limits the use of Pt and other
catalysts for green technologies under demanding conditions,
where the ORR could otherwise be applied. Surprisingly, the
catalyst we developed is tolerant to all of these substances. To
assess the poison tolerance, RDE measurements were taken in
pure electrolyte and in the presence of contaminants at
different concentrations. As a measure of loss in activity, we
look at the decrease in current density for oxygen reduction at
the half-wave potential (determined in the poison free envi-
ronment) upon introduction of the contaminant (see inset in
Fig. 6a). While the activity of the Pt catalyst is always reduced
signicantly, our catalyst is not or only slightly affected in its

Fig. 5 Steady-state RRDE measurement in 0.5 M H2SO4 at different
catalyst loadings, rotating speed: 1600 rpm, 30 s hold, 30 mV step
potential, O2-saturated at 1 atm.
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activity (Fig. 6a–c). Chloride was introduced into the electro-
chemical cell, because of the abundance of that element in the
environment and as representative species for ions that will
strongly adsorb to precious metal surfaces and decrease their
activity. While the inuence on the activity on our ODAN cata-
lyst is minute, the activity of the Pt/C catalyst is signicantly
reduced, as can be seen by the dramatic drop in performance at
the half wave potential (Fig. 6a). Urea was added, because of its
relative abundance. It is a common waste product of all
mammals.32 Moreover it is taken as representative for nitrogen
rich molecules. A large impact on the Pt activity is observed.
Even at a very low concentration of only 10�4 M the performance
at the half wave potential is halved and at 10�3 M shut down
completely, while the effect on our catalyst is minimal (Fig. 6b).
Although Vielstich et al. showed the methanol tolerance of this
type of catalysts already, it is also included in this study in order
to show the generality of the poison resistance, which is the
main focus of this publication.33 MeOH was added to 0.1 M
NaOH, because for Pt catalysts, the competing methanol
oxidation lowers the activity. As known, this is a drawback of Pt
catalysts for the use in direct methanol fuel cells, where meth-
anol crossover to the cathode can occur, thus lowering the
overall fuel efficiency dramatically.32 It is also detrimental where
the oxygen reduction reaction is carried out in the presence of
oxidisable organic molecules, such as in waste water treatment
or as counter electrode for other electrochemical devices.
Additionally to methanol, other alcohols are also oxidized at
potentials that interfere with the ORR, which is another
potential problem for traditional catalysts.34 No effect of MeOH
on the catalyst was observed, while the methanol oxidation
completely shuts down oxygen reduction on the Pt catalyst
(Fig. 6c). To further show the broad applicability of our catalyst
an RDE measurement was also taken in 0.5 M HCl (Fig. 6d),
a highly corrosive environment, and it can be seen that the
activity of the ODAN catalyst is far superior to the commercial
catalyst. Another possible application of this catalyst is in
medical implantable fuel cells that run on glucose on the anode
side and on oxygen on the cathode side. Such devices have
already been described.35 Again the susceptibility of Pt to all
kinds of poisons is a limiting factor here. To demonstrate the
feasibility of the catalyst under physiological conditions,
Ringers solution was chosen as an electrolyte to probe the ORR
activity against Pt (Fig. 6e). While ODAN still shows good ORR
activity, the activity of Pt is completely shut down. It has to be
noted that the thick catalyst layer and therefore higher total
surface area compared to Pt/C can introduce some benets for
the non-precious metal catalyst due to the ltering capability of
carbon and the respective longer time of contaminants to
diffuse through the carbon structure to the non-precious active
site. A measurement of the transient of the contamination has
been conducted to estimate if the polarisation time was long
enough in order to allow the contaminants to reach the active
site. The contamination of the Pt based catalyst takes place in
less than 1 second (ESI S16†). The carbon surface areas and
loading of the catalysts on the RDE tip are compared and give
250 m2 g�1 and 40 mg cm�2 carbon loading for Pt/C versus 614
m2 g�1 and 750 mg cm�2 for the NPMC, respectively. Therefore

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Bar plot showing the performance at the respective half wave potential of the RDE measurement, comparing a Pt/C catalyst to ODAN at
a rotating speed of 1600 rpm, 30 s hold, 30 mV step potential, catalyst loading: ODAN: 750 mg cm�2, Pt/C: 30 mgPt cm


�2, O2-saturated at 1 atm
before and after adding (a) Cl� to 0.5 M H2SO4, (b) urea to 0.5 M H2SO4 and (c) methanol to 0.1 M NaOH to obtain the respective concentrations.
The complete measurements are shown in the ESI Fig. S13–S15.† (d) 0.5 M HCl and (e) Ringers solution.
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the total carbon surface area is �46 times higher for the non-
precious metal catalyst. This means, in the worst case, the
contaminants would take 46 times longer or 46 seconds to reach
the active sites. The measurements are performed under steady
state and a 30-second hold with 30 mV step potential. By the
time the measurement reaches the respective half-wave poten-
tial (where comparisons are made in Fig. 6), several minutes
have passed and access of the contaminant to the active site has
been achieved. To further study the activity under real fuel cell
operating conditions, a polymer electrolyte membrane (PEM)

This journal is © The Royal Society of Chemistry 2016

single cell was prepared and tested. The catalyst was paint
brushed onto a Toray carbon paper containing a microporous
layer, which was used as cathode and a commercial Pt electrode
as anode. The loading of ODAN at the cathode was 4mg cm�2. It
was compared to a state of the art commercial Pt cathode with
a loading of 0.4 mgPt cm�2. The anode in both cases was
a commercial Pt anode with a loading of 0.4 mgPt cm


�2. The
high anode Pt loading makes sure that the anode reaction is not
the limiting factor. While the performance of the cell with
ODAN is lower than the Pt cell, the performance might be
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Fig. 7 (a) H2–O2 polarization plot for MEA comparing cathodes, brush painted with ODAN and Fe-ODAN-1% (4 mg cm�2) to a commercial Pt
cathode (0.4 mgPt cm


�2). (b) Cell voltage before and after adding (b) 83 ppm H2S (c) 77 ppm toluene and (d) 163 ppm benzene into the cathode
gas stream.
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signicantly improved by understanding mass transport and
water management issues in the signicantly thicker catalyst
layer compared to the commercial electrode (Fig. 7a). We are
currently examining variations to our synthesis conditions to
improve the microporous structure of the catalyst and hence
improve mass transport. Nonetheless, the catalyst already rea-
ches activities that are similar to other high performing non-
precious metal catalysts.8,36 The impact of poisonson the oper-
ating fuel cell was studied. Different contaminants were fed into
the gas stream and the potential was monitored. When as little
as 83 ppm of H2S was fed into the cathode gas stream, the cell
utilising Pt cathode catalyst had an almost instantaneous drop
in potential, while the ODAN cell (Fig. 7b) was completely
unaffected. It can be suspected that this behaviour could be
extrapolated to longer chain organic sulphides as well. The
same phenomenon was observed with 77 ppm toluene (Fig. 7c)
and 163 ppm benzene (Fig. 7d), which can be taken as repre-
sentatives for volatile organic compounds. The ratio in total
carbon surface area within the fuel cell test is �60 times higher
for the ODAN cell compared to the Pt cell. Indeed in the oper-
ating fuel cell, the effect of contamination takes place slower.
The whole operation time of the ODAN cell aer contamination

150 | J. Mater. Chem. A, 2016, 4, 142–152

shall therefore be normalised to the higher surface area ODAN
catalyst versus Pt. For instance aer contamination the
measurement was continued for 2100 seconds in the ODAN cell
contaminated with toluene. Therefore 2100 seconds were nor-
malised to the 60 times higher surface area to match 35 seconds
in the Pt cell. The potential drop at 35 seconds in the Pt cell is
therefore compared to the potential drop in the ODAN cell aer
2100 s (post contamination) and likewise in the other experi-
ments. The values are 40 mV versus 14 mV for toluene, 33 mV
versus 17 mV for benzene and 40 mV versus 5 mV for H2S for Pt
versus ODAN respectively. Even if the contamination time scales
linearly with total surface area, ODAN is still less affected than
the Pt catalyst. However more complex processes are likely to be
determining the contamination and ultimately failure time of
the cell. This shows that the resistance to poisons shown in RDE
studies can be transferred to device level.


Conclusions


This methodology to synthesize the catalysts without any
support or template provides a straight forward route to active
oxygen reduction reaction catalysts. This allows reduction of

This journal is © The Royal Society of Chemistry 2016
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complexity of the system and possible identication of key
features of the active site which are not accessible in other
systems. Even a low amount of iron seems to have a negative
effect on the catalytic activity in alkaline, while slightly
enhancing it under acidic conditions. The catalyst is excep-
tionally poison-tolerant. While the reference Pt catalyst is
always severely affected by a wide variety of substances, our
catalyst is mostly resistant, or at worst showing only a minor
reduction in performance. The generality of this poison toler-
ance is curious, and points to a signicantly different active site
compared to transition metal catalysts or even metalloenzymes.
The catalyst operates well in the presence of chloride, urea,
methanol, Ringers solution, HCl, H2S, benzene and toluene,
these substances exemplify strongly adsorbing ions, amides/
amines, alcohols, biological uids, corrosive electrolytes,
sulphur containing compounds and hydrocarbons respectively.
The technological applications could be wide ranging and
include fuel cells, that have to operate on gas streams in chal-
lenging conditions, oxygen sensing in different kinds of bio-
logical uids, counter electrode catalysts, where the ORR is
preferred over hydrogen evolution, such as in chlor-alkaline
oxygen depolarized electrolysis, metal–air batteries and waste
water treatment.
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