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Supplementary Note 1 

Physicochemical characteristics of Fe0.5NC: Fe0.5NC contained Fe content of ca. 1.5 wt% as confirmed by ICP-

AES (Table S1). XRD and Raman spectroscopy confirmed the successful carbonization of the precursor mixture 

during pyrolysis (Figure S1a and b). XPS revealed the functionalization of the carbon support with N moieties, 

which could act as anchoring sites for the stabilization of the isolated Fe ions (Figure S1c). The extended X-ray 

absorption fine structure (EXAFS) spectrum showed the presence of a strong Fe-N(O) interaction, without Fe-Fe 

interaction, similar to that for molecular Fe-phthalocyanine (FePc; Figure S1d). Furthermore, its 57Fe Mössbauer 

spectrum could be fitted with two doublets, D1 and D2 (Figure S1e and Table S2), which were assigned to the Fe-

Nx moieties.1 The absence of the singlet and sextet signals in the fitting of the 57Fe Mössbauer spectrum as well 

as evidence for no Fe-Fe interaction in the EXAFS spectrum supported the predominant presence of the isolated 

Fe-Nx moieties without discernible amounts of Fe clusters in Fe0.5NC. The atomic dispersion of Fe species could 

be further visualized by HAADF-STEM analyses (Figure S1f). 

 

Supplementary Note 2 

ORR activity measurement protocol for in situ SD quantification using cyanide probe: The typical ORR 

measurement protocol in a half-cell system includes CV or LSV in the potential range of 0.05–1.05 VRHE at a scan 

rate of 5–100 mV s−1.2 Unfortunately, this conventional protocol introduced non-negligible deviations in the 

estimated j (kinetic current density (jk) and diffusion-limited current density (jd) as well) and consequent SD values 

in repeated analyses (Figure S8). This deviations possibly resulted from 1) the errors in the subtraction of non-

Faradaic capacitive j and/or 2) undesirable reaction between the H2O2 byproduct and adsorbed cyanide.3,4 Note 

that ca. 10% deviation in the estimated SD value for Fe0.5NC could be obtained with only small changes in the j 

value of 5 μA cm−2 at 0.85 VRHE. Therefore, several ORR measurement conditions for reliable SD quantification 

were investigated, and an LSV from 0.70 to 1.05 VRHE with a slow scan rate of 1 mV s−1 was finally employed. 

This afforded good reproducibility of the ORR polarization curves for the poisoned catalysts with minimized 

interference of the non-Faradaic j and H2O2 (E0 = 0.69 VRHE for O2/H2O2). The electrocatalytic activity of Fe0.5NC 

was then compared at 0.85 VRHE, where the contribution of jd to j was almost negligible and j was almost identical 

to jk (Figure S9). This ORR activity measurement protocol yielded a deviation of only ± 3% in the estimated SD 

values. 
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Supplementary Note 3 

Non-site-specific adsorption of cyanide on Fe-Nx moieties: As the 57Fe Mössbauer spectrum of Fe0.5NC exhibits 

two doublets D1 and D2 (Figure S1e and Table S2), the ORR activity of Fe0.5NC can be expressed in terms of the 

intrinsic TOF and absolute amount (i.e., SD) of D1 and D2 species using the following equation: 𝐽 [A gିଵ] =  𝐽ୈଵ + 𝐽ୈଶ = ቀTOFୈଵ × SDୈଵ × 𝐹 𝑁୅ൗ ቁ + ቀTOFୈଶ × SDୈଶ × 𝐹 𝑁୅ൗ ቁ   (Eq. S1) 

where J is the catalytic mass activity at a given potential, NA is the Avogadro constant, and F is the Faraday 

constant. Similarly, the ORR activity of the cyanide-poisoned catalyst (J’) and the decrease in the catalytic activity 

(∆J) can be expressed by the following equations: 𝐽ᇱ [A gିଵ] =  𝐽ୈଵᇱ + 𝐽ୈଶᇱ = ሼ𝐽ୈଵ × (1 − 𝛼ୈଵ)ሽ + ሼ𝐽ୈଶ × (1 − 𝛼ୈଶ)ሽ      (Eq. S2) ∆𝐽 [A gିଵ] =  𝐽 − 𝐽ᇱ = (𝐽ୈଵ × 𝛼ୈଵ) + (𝐽ୈଶ × 𝛼ୈଶ)       (Eq. S3) 

where α is the fraction of poisoned sites to the total number of sites of each species. Assuming that D1 and D2 

species have completely different binding affinities to cyanide, cyanide poisoning on Fe-Nx moieties does not 

occur randomly, but is more selective to specific Fe species (i.e., 𝛼ୈଵ ≠ 𝛼ୈଶ). Therefore, if the extent of the 

irreversible cyanide adsorption varies (by controlling the potential applied or initial cyanide concentration) during 

the in situ SD quantification protocol, the changes in ∆J would be more dominantly affected by the active Fe 

species with a relatively stronger cyanide binding affinity than the species with a weak binding affinity. This can 

lead to substantial changes in the SD values estimated by Eqs. 1 and 2 (noted in the main article), which are 

derived with the assumption of non-site-specific adsorption of cyanide (i.e., 𝛼ୈଵ = 𝛼ୈଶ). However, in practice, 

the in situ SD quantification afforded an almost identical SD value of (3.38 ± 0.48) × 1019 sites g−1 for Fe0.5NC. 

No significant deviations in the SD value were observed, regardless of the different extents of irreversibly 

adsorbed cyanide, thereby corroborating the assumption of the non-site-specific adsorption of cyanide. Moreover, 

with this assumption (i.e., random cyanide poisoning on surface Fe-Nx sites) and undistinguishable contribution 

of each site in the measured J value, we can safely average the TOFs of different sites despite their own intrinsic 

TOF (Eq. S4). Although estimation of each TOF of active sites having different local chemical natures is hardly 

achieved, we note that such a drawback is also found in the previously reported CO chemisorption and the NO2
−-

stripping methods for Fe-N-C catalysts,5,6 and in the HUPD and CO-stripping methods for Pt nanoparticle 

catalysts.7,8 

𝐽 [A gିଵ] =  (TOFୟ୴୥. × 𝐹 𝑁୅൘ ) × (SDୈଵ + SDୈଶ)     (Eq. S4) 
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Interestingly, the local position and chemical nature of the D1 and D2 sites of Fe0.5NC were recently 

investigated. Mineva et al. reported the oxidation and electron-spin states of D1 and D2 sites with their local 

positions via bridged 57Fe Mössbauer spectroscopy and DFT calculations,1 suggesting that D1 corresponded to 

the surface-exposed ferric moieties and D2 to the O2-inaccessible or surface-exposed with weak O2 binding ferrous 

moieties. In addition, the in situ Mössbauer spectra of Fe0.5NC during fuel cell operation revealed a complete 

switch of the D1 signal but an almost unaltered D2 signal.9 If their prediction is true, i.e., the inaccessibility of the 

D2 site, only D1 site can be considered in Eqs. S1–4 without any contribution of the D2 site. This also supports 

the validity of Eqs. 1 and 2 (noted in the main article) owing to the non-site-specific adsorption of cyanide on a 

single D1 site. 
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Supplementary Note 4 

Different cyanide adsorption modes of heterogeneous Pt sites with different surface coverages: As bulk Pt 

typically contains heterogeneous surface sites (e.g., different facet, edge, etc.) and the cyanide adsorption modes 

and surface coverages are not identical,10 their comprehensive contributions should be considered to more 

accurately calculate the SD values. Hence, the SD value of Pt nanoparticles was calculated using the following 

equation, which was slightly modified from the equation used for the SACs: 

SD [sites gିଵ] = [(∆𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ × 𝑉 × 𝑁୅ 𝑚ୡୟ୲൘ )/(∆𝑗 𝑗୮୰୧ୱ୲୧୬ୣ൘ )] × ∑ (ఝ ଵ଴଴ൗ )ఏ     (Eq. S5) 

where φ and θ are the surface composition (%) and surface coverage (i.e., CN−/Pt) of different Pt sites, respectively. 

With further deconvolution of the individual φ and θ values of heterogeneous Pt sites, a more thorough SD 

quantification of Pt nanoparticles can be performed. In the literature, Shao et al. reported the particle size 

dependence of 𝜑  value of the Pt nanoparticles based on the DFT calculations on the truncated octahedral 

models,11 where an increase in the particle size resulted in an increase in the 𝜑 values for Pt(111) and Pt(100) 

but a decrease in that for the Pt edge sites (Figure S25a). Based on the theoretical 𝜑 values, the U values of the 

Pt samples could be roughly estimated. Here, the 𝜃 value of each Pt site was assumed to be 0.5 for Pt(111) 

according to the literature,12 and 1.0 for Pt(100) and edge. This calculation resulted in a U value of 52% for 2.5-

nm Pt nanoparticle, which decreased to 45, 34, and 18% when increasing the particle size to 2.9, 3.8, and 4.5 nm, 

respectively (Figure S25b). Compared to those obtained by a simple assumption of θ = 0.5 for Pt(111) (i.e., 67, 

56, 41, and 22% for 2.5, 2.9, 3.8, and 4.5 nm, respectively), the consideration of φ and θ for the heterogeneous Pt 

sites effectively reduced the deviations from the U values obtained by ECSACO (i.e., 53, 39, 21, and 14%, 

respectively). Despite the non-negligible difference between the U values estimated using different probe 

molecules (i.e., cyanide and CO), the above examples suggest that the in situ quantification method with cyanide 

probe can potentially be used for the accurate SD quantification of Pt nanoparticles if accurate φ and θ of each 

site are determined. 
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Supplementary Figures 

 

Figure S1. Physicochemical characterization of Fe0.5NC. (a) XRD pattern and (b) Raman spectrum of Fe0.5NC. 

Two main peaks of graphite in the XRD pattern and D-/G-band signals in the Raman spectrum indicate the 

successful carbonization of the Fe0.5NC precursor mixture during pyrolysis. (c) XPS-N1s spectrum of Fe0.5NC. 

The peaks are deconvoluted with four N-components: pyridinic-N (398.5 eV), pyrrolic-N (400.1 eV), graphitic-

N (401.1 eV), and pyridinic-oxide (403.2 eV).13 (d) k2-weighted Fourier transforms of Fe K-edge EXAFS of 

Fe0.5NC, FePc, and Fe foil. The EXAFS spectrum of Fe0.5NC shows a strong backscattering signal of Fe-N (or 

Fe-O) bonds, which is analogous to that of FePc. (e) 57Fe Mössbauer spectrum of Fe0.5NC. Two doublets (i.e., D1 

and D2, indicating ferric and ferrous Fe-Nx moieties of high and low/medium spins, respectively) are observed 

without the signals for bulk Fe species (e.g., α/γ-Fe or Fe carbide).1 (f) HAADF-STEM image of Fe0.5NC (scale 

bar = 2 nm).  
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Figure S2. Chemical reactions in the spectrophotometric titration of cyanide. This method is based on the cascade 

catalytic reaction of cyanide with p-nitrobenzaldehyde and subsequently tetrazolium blue, ultimately leading to 

the conversion of tetrazolium blue into a purple-colored diformazan derivative.14,15 
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Figure S3. Spectrophotometric titration of cyanide using an UV-vis spectrophotometer. (a) UV-vis spectra of 

electrolyte samples. The electrolyte samples ( 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ = 0–200 μM) were diluted to one-twentieth 

concentrations (𝐶େ୒షୡ୳୴ୣ୲୲ୣ= 0–10 μM) with deionized water before the measurements. The maximum absorbance is 

observed at ca. 520 nm. (b) Normalized absorbance of the electrolyte samples at 520 nm as a function of cyanide 

concentration. This calibration curve is obtained for each measurement to calculate ∆𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ before and after 

the in situ SD quantification. 
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Figure S4. Fe2+/Fe3+ redox couple of Fe0.5NC collected in Ar-saturated 0.1 M HClO4 electrolyte. (a) A CV 

response of Fe0.5NC, showing Fe2+/Fe3+ redox couple at Ep = 0.73 VRHE (Epa = 0.74 VRHE and Epc = 0.72 VRHE). (b) 

Fe K-edge in situ XANES spectra of Fe0.5NC as a function of the applied potential, showing that the population 

of Fe3+ species increases with an increase in potential. 
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Figure S5. Effects of Ar purging in the third step of the in situ SD quantification protocol. UV-vis measurement 

on the aliquots of diluted electrolytes after cyanide introduction at different electrolyte pH values (i.e., 1, 7, and 

13). Cyanide poisoning experiments were conducted using the original protocol (i.e., Ethird = 1.0 VRHE and 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ = 200 μΜ), but no catalyst powders were introduced in the electrolyte. During the third step of the 

protocol (i.e., cyanide introduction), the electrolyte was either purged with Ar gas or completely closed without 

Ar purging. The results show that Ar purging removes the cyanide (or HCN) dissolved in the electrolyte and this 

phenomenon is magnified with a decrease in the electrolyte pH. Therefore, for the accurate measurement of SD, 

the electrolyte compartment should be fully closed without any gas purging during the third step of the protocol. 
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Figure S6. Determination of 𝐶େ୒ష  in rinsed water after the catalyst washing step using an UV-vis 

spectrophotometer at 520 nm. 
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Figure S7. Effects of O2 (or air) exposure during the in situ SD quantification protocol. ORR polarization curves 

of pristine and poisoned Fe0.5NC catalysts measured in O2-saturated 0.1 M HClO4 electrolyte. Cyanide poisoning 

experiment of Fe0.5NC was conducted using the original protocol (i.e., Ethird = 1.0 VRHE, 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ = 200 μΜ, 

and electrolyte pH = 1) with and without Ar protection. The result shows that the O2 (or air) exposure cannot 

effectively and irreversibly adsorb the cyanide probe on Fe0.5NC, whereas a significant decrease in the ORR 

current is observed when the protocol is performed in an Ar-filled chamber. Hence, it is speculated that the 

interference induced by the competitive adsorption of O2 is likely to significantly affect the extent of irreversible 

cyanide adsorption on Fe0.5NC, owing to a very low cyanide concentration in the electrolyte during in situ SD 

quantification (i.e., 200 μM). Therefore, O2-free environment is essential for the accurate evaluation of SD. 
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Figure S8. ORR polarization curves of pristine and poisoned Fe0.5NC measured in O2-saturated 0.1 M HClO4 

electrolyte. Cyanide poisoning experiment of Fe0.5NC was conducted using the original in situ SD quantification 

protocol (i.e., Ethird = 1.0 VRHE, 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ = 200 μΜ, and electrolyte pH = 1). ORR polarization curves were 

obtained by LSV in the potential range of 0.05–1.05 VRHE at a scan rate of 10 mV s−1. The results show a non-

negligible deviation in the ORR activity of the poisoned Fe0.5NC in repeated measurements. 
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Figure S9. ORR measurement protocol after in situ SD quantification. (a) Measured j (black dashed line) and jk 

(black solid line) derived with jd of pristine Fe0.5NC, and the ratio between them (jk/j; red solid line). In the highly 

kinetic-controlled region (≥ 0.85 VRHE), the measured j is almost comparable to jk (i.e., jk/j ≈ 1) without a 

considerable contribution of jd. Therefore, the measured j at 0.85 VRHE is directly used as the ORR activity term 

(i.e., jk) for in situ SD quantification. (b) ORR polarization curves of the pristine and poisoned Fe0.5NC measured 

in O2-saturated 0.1 M HClO4 electrolyte (solid line) and estimated U values as a function of potential (dashed 

line). Cyanide poisoning experiment of Fe0.5NC was performed using the original in situ SD quantification 

protocol (i.e., Ethird = 1.0 VRHE, 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ = 200 μΜ, and electrolyte pH = 1). Estimated U values are almost 

identical (20 ± 3%) at potentials above 0.85 VRHE, while these gradually increase with further decrease in potential 

due to the non-negligible contribution of jd to j (i.e., jk/j ≠ 1). 
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Figure S10. Linear correlation between the decrease in ORR activity (i.e., ∆j) and the amount of poisoned Fe-Nx 

sites by cyanide (i.e., α × SD). The j’ denotes the ORR activity of the cyanide-poisoned catalyst and the α denotes 

the SD ratio of the poisoned sites to the total sites of Fe-Nx species. 
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Figure S11. (a–d) ORR polarization curves of Fe0.5NC before and after in situ SD quantification with various Ethird 

values of 0.7 (a), 0.8 (b), 0.9 (c), and 1.0 VRHE (d). ORR activity was measured in O2-saturated 0.1 M HClO4 

electrolyte. The initial 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ and electrolyte pH were fixed at 200 μM and 1, respectively. 
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Figure S12. (a–d) ORR polarization curves of Fe0.5NC before and after in situ SD quantification with various 

initial 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ values of 100 (a), 200 (b), 300 (c), and 400 μM (d). ORR activity was measured in O2-saturated 

0.1 M HClO4 electrolyte. The Ethird and electrolyte pH were fixed at 1.0 VRHE and 1, respectively. 
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Figure S13. SD quantification of Fe0.5NC employing the CO uptake trajectory. Reproduced from ACS Catal. 2019, 

9 (6) 4841-4852.6 Copyright [2019] American Chemical Society. Prior to CO adsorption, the sample was pre-

treated at 873 K. This chemisorption method afforded a reliable SD value of (3.80 ± 0.21) × 1019 sites g−1 (i.e., U 

= ca. 23%). 
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Figure S14. SD quantification of Fe0.5NC using in situ NO2
−-stripping voltammetry. (a) Reductive stripping 

voltammograms of nitrosyl-poisoned Fe0.5NC. The voltammograms were acquired in Ar-saturated 0.5 M acetate 

buffer electrolyte (pH 5.2) at a scan rate of 10 mV s−1. The yellow-colored area was integrated to calculate the U 

value. (b) NO reduction reaction (NORR) polarization curves of Fe0.5NC and polycrystalline Pt electrode. NORR 

polarizations were investigated using a scan rate of 10 mV s−1 and rotation speed of 1600 rpm in NO-saturated 

0.1 M HClO4 electrolyte. (c) U values of Fe0.5NC estimated from stripping results. It was assumed that reductive 

stripping converted the nitrosyl ligand either to NH3 (five-electron transfer) or NH2OH (three-electron transfer). 

Notably, five-electron transfer was employed for SD quantification in a previous Malko’s report,5 but in the 

present study, three-electron transfer to the nitrosyl ligand was assumed owing to the reason discussed below. 

Additional discussion: For comparison, the SD of Fe0.5NC was also estimated using the NO2
−-stripping method 

developed by Malko et al.5 This method is based on the reductive stripping of the nitrosyl ligand adsorbed onto 

the Fe-Nx moieties, and the number of electrons transferred during nitrosyl ligand reduction (n) is one of the key 

variables for SD calculation. The authors first assumed that Fe-N-C catalyst mainly catalyzes the reduction of 

nitrosyl ligand (or NO) to NH3 (five-electron transfer). However, it was observed that jd for Fe0.5NC was −5.2 mA 

cm−2 (Figure S14b), which was almost three times higher than that for polycrystalline Pt (jd = −1.7 mA cm−2), 

which mainly catalyzes the conversion of NO to N2O (one-electron transfer).16-18 This indicated that the main 

product from nitrosyl ligand (or NO) reduction on Fe0.5NC was NH2OH (i.e., n = 3). As the experimental 

conditions for stripping and NORR were not identical (i.e., electrolyte pH of 5.2 and 1, respectively), the n value 

for NO2
−-stripping on Fe0.5NC could not be explicitly defined. However, the experimentally determined U value 

of Fe0.5NC assuming three-electron transfer (ca. 19%) was in good agreement with that estimated from the in situ 

SD quantification using a cyanide probe and CO chemisorption.6 Assuming five-electron transfer, the estimated 

U value was only ca. 11%, which was significantly lower than those obtained using other methods. 



S20 

 

Figure S15. (a) Determination of 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ after the in situ SD quantification of Fe0.5NC at different electrolyte 

pH values. Calibration values are indicated by open circles, and initial 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ is indicated by a filled circle. 

(b,c) ORR polarization curves of Fe0.5NC before and after in situ SD quantification at electrolyte pH of 7 (b) and 

13 (c). The Ethird and 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ were fixed at 1.0 VRHE and 200 μM, respectively. The SD of Fe0.5NC at pH 13 

is calculated at 0.90 VRHE because of the high kinetic-controlled region in the alkaline medium. 
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Figure S16. Physicochemical characterization of Mn0.5NC. (a) XRD pattern and (b) Raman spectrum of Mn0.5NC. 

Two main peaks of graphite in the XRD pattern and D-/G-band signals in the Raman spectrum reveal the 

successful carbonization of the Mn0.5NC precursor mixture during pyrolysis. (c) XPS-N1s spectrum of Mn0.5NC. 

The peaks are deconvoluted with four N-components: pyridinic-N (398.5 eV), pyrrolic-N (400.1 eV), graphitic-

N (401.1 eV), and pyridinic-oxide (403.2 eV).13 (d) Mn K-edge EXAFS and (e) XANES spectra of Mn0.5NC. The 

EXAFS spectrum of Mn0.5NC shows a strong backscattering signal for Mn-N (or Mn-O) bonds without Mn-Mn 

interaction, indicating the predominant presence of single-atom Mn sites in Mn0.5NC. (f) HAADF-STEM image 

of Mn0.5NC (scale bar = 2 nm). 
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Figure S17. Physicochemical characterization of Co0.5NC. (a) XRD pattern and (b) Raman spectrum of Co0.5NC. 

Two main peaks of graphite in the XRD pattern and D-/G-band signals in the Raman spectrum reveal the 

successful carbonization of the Co0.5NC precursor mixture during pyrolysis. (c) XPS-N1s spectrum of Co0.5NC. 

The peaks are deconvoluted with four N-components: pyridinic-N (398.5 eV), pyrrolic-N (400.1 eV), graphitic-

N (401.1 eV), and pyridinic-oxide (403.2 eV).13 (d) Co K-edge EXAFS and (e) XANES spectra of Co0.5NC. The 

EXAFS spectrum of Co0.5NC shows a strong backscattering signal for Co-N (or Co-O) bonds without Co-Co 

interaction, indicating the predominant presence of single-atom Co sites in Co0.5NC. (f) HAADF-STEM image of 

Co0.5NC (scale bar = 2 nm). 
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Figure S18. Physicochemical characterization of Ni0.5NC. (a) XRD pattern and (b) Raman spectrum of Ni0.5NC. 

Two main peaks of graphite in the XRD pattern and D-/G-band signals in the Raman spectrum reveal the 

successful carbonization of the Ni0.5NC precursor mixture during pyrolysis. (c) XPS-N1s spectrum of Ni0.5NC. 

The peaks are deconvoluted with four N-components: pyridinic-N (398.5 eV), pyrrolic-N (400.1 eV), graphitic-

N (401.1 eV), and pyridinic-oxide (403.2 eV).13 (d) Ni K-edge EXAFS and (e) XANES spectra of Ni0.5NC. The 

EXAFS spectrum of Ni0.5NC shows a strong backscattering signal for Ni-N (or Ni-O) bonds without Ni-Ni 

interaction, indicating the predominant presence of single-atom Ni sites in Ni0.5NC. (f) HAADF-STEM image of 

Ni0.5NC (scale bar = 2 nm). 
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Figure S19. (a) Determination of 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ after the in situ SD quantification of Me0.5NC catalysts (Me = Mn, 

Co, and Ni). Calibration values are indicated by open circles, and the initial 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ is indicated by a filled 

circle. (b–d) ORR polarization curves before and after the in situ SD quantification of Me0.5NC catalysts; Mn0.5NC 

(b), Co0.5Nc (c), and Ni0.5NC (d). ORR activity was measured in O2-saturated 0.1 M HClO4 electrolyte. The 

cyanide poisoning experiments of Me0.5NC catalysts were conducted using the original in situ SD quantification 

protocol (i.e., Ethird = 1.0 VRHE, 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ = 200 μΜ, and electrolyte pH = 1). 
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Figure S20. Physicochemical characterization of Pt/HSC. (a) XRD pattern, (b) Raman spectrum, and (c) XPS-

Pt4f spectrum of Pt/HSC. The binding energy used for the peak deconvolution of the XPS-Pt spectra (for 4f7/2) is 

72.2 eV for Pt2+ and the spin-orbit splitting for 4f5/2 and 4f7/2 peaks is 3.33 eV.19 (d) Pt L3-edge EXAFS and (e) 

XANES spectra of Pt/HSC. The EXAFS spectrum of Pt/HSC shows a strong backscattering signal for Pt-S bonds 

without Pt-Pt interaction, indicating the predominant presence of single-atom Pt sites in Pt/HSC. A detailed 

discussion of Pt/HSC can be found in our previous work.19 (f) HAADF-STEM image of Pt/HSC (scale bar = 2 

nm). 

  



S26 

 

Figure S21. (a) Determination of 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ after the in situ SD quantification of HSC and Pt/HSC. Calibration 

values are indicated by open circles, and initial 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ is indicated by a filled circle. (b,c) ORR polarization 

curves before and after the in situ SD quantification of HSC (b) and Pt/HSC (c). ORR activity was measured in 

O2-saturated 0.1 M HClO4 electrolyte. The cyanide poisoning experiments of HSC and Pt/HSC were conducted 

using the original in situ SD quantification protocol (i.e., Ethird = 1.0 VRHE, 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ = 200 μΜ, and electrolyte 

pH = 1). (d) H2O2 formation profile of Pt/HSC. The Pt ring, equipped at the rotating ring-disk electrode, was 

polarized at a constant potential of 1.2 VRHE during ORR polarization on the disk electrode, and a collection 

efficiency of 0.43 was used after Fe2+/Fe3+ redox calibration. Owing to the low ORR onset potentials of HSC and 

Pt/HSC compared to that of the Me0.5NC catalysts, their LSV curves were obtained in the potential range of 0.20–

0.50 VRHE for HSC and 0.45–0.75 VRHE for Pt/HSC. The SD and TOF of Pt/HSC were calculated at 0.65 VRHE. 
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Figure S22. (a) Determination of 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ  after the SD quantification of Pt nanoparticles with different 

particle sizes (i.e., 2.5, 2.9, 3.8, and 4.5 nm). Calibration values are indicated by open circles, and initial 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ  is indicated by a filled circle. (b–e) ORR polarization curves before and after the in situ SD 

quantification of Pt nanoparticles; HiSPEC 2000 (b), HiSPEC 3000 (c), HiSPEC 4000 (d), and HiSPEC 9000 (e). 

ORR activity was measured in O2-saturated 0.1 M HClO4 electrolyte. The cyanide poisoning experiments of Pt 

nanoparticles were conducted using the original in situ SD quantification protocol (i.e., 𝐶େ୒షୣ୪ୣୡ୲୰୭୪୷୲ୣ = 200 μΜ 

and electrolyte pH = 1) except for Ethird = 0.6 VRHE to prevent surface oxide formation of Pt nanoparticles. 
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Figure S23. XRD patterns of Pt nanoparticle catalysts having different particle sizes (2.5–4.5 nm). The peaks 

were assigned to (111), (200), (220), (311), and (222) planes of face-centered cubic (fcc) Pt.20 The peaks become 

sharpened as the crystalline size increases. 
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Figure S24. (a–h) TEM images and histograms of the particle size distribution of HiSPEC 2000 (a,b), HiSPEC 

3000 (c,d), HiSPEC 4000 (e,f), and HiSPEC 9000 (g,h). The results showed that average Pt particle sizes were 

2.5, 2.9, 3.8, and 4.5 nm for commercial HiSPEC 2000, HiSPEC 3000, HiSPEC 4000, and HiSPEC 9000 catalysts, 

respectively. 
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Figure S25. (a) Particle-size-dependent surface compositions of Pt(111), Pt(100), and edge sites, estimated based 

on the DFT calculations with truncated octahedral-shaped model nanoparticles. Reproduced from Nano Lett. 2011, 

11 (9) 3714-3719.11 Copyright [2011] American Chemical Society. (b,c) Estimated U (b) and TOF (c) values of 

Pt nanoparticles with different particle sizes (2.5–4.5 nm). In this estimation, the contributions of Pt(111), Pt(100), 

and edge sites to cyanide adsorption were considered, and it was assumed that their surface coverages (i.e., CN−/Pt) 

were 0.5, 1.0, and 1.0, respectively. The U and TOF values obtained by ECSACO are indicated by star symbols for 

comparison.  
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Table S1. The metal content in the Me0.5NC catalysts obtained from ICP-AES. 

Sample Fe0.5NC Mn0.5NC Co0.5NC Ni0.5NC 

Metal content 

(wt %) 
1.5 1.4 1.4 1.5 
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Table S2. Parameters derived from the fittings of the Mössbauer spectrum of Fe0.5NC: relative area (RA), isomer 

shift (IS), and quadrupole splitting (QS) of each fitted spectral component. 

Sample Component RA (%) IS (mm s−1) QS (mm s−1) Assignment 

Fe0.5NC powder 

D1 59 0.33 0.88 High spin O-Fe3+-N4 

D2 41 0.37 2.73 Low/medium spin Fe2+-N4 
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Table S3. Physical properties of commercial Pt nanoparticles provided by a manufacture.21 

Catalyst Product 
Pt content 

(wt%) 

Metal surface area 

(m2 g−1) 

XRD crystalline size 

(nm) 

HiSPEC 2000 Pt / XC72R 9.5–10.5 105 (min.) 3.0 (max.) 

HiSPEC 3000 Pt / XC72R 19.0–21.0 90 (min.) 3.5 (max.) 

HiSPEC 4000 Pt / XC72R 38.0–41.0 60 (min.) 4.5 (max.) 

HiSPEC 9000 Pt / XC72R 56.0–60.0 40 (min.) 5.0 (max.) 
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Supplementary Note 5 

Laboratory safety guidelines: Safety is the most important factor in laboratory work. Please read the instructions 

and precautions thoroughly and follow the laboratory safety guidelines for the operator’s health if performing 

identical or modified experiments elsewhere. 

 

Hazards: Inhalation, absorption, and swallowing of cyanides and hydrogen cyanide are fatal to human health.22,23 

Swallowing 5 μg kg−1
Body weight of KCN or inhalation of 143 ppm HCN for 60 min causes the death of one-half of 

a group of rats.24 Low levels of exposure to these toxic substances can cause signs and symptoms within a few 

minutes, including irritation, headache, confusion, dizziness, rapid breathing, nausea, and vomiting. 

Precautions: Never perform the experiments alone when using cyanide. All experiments should always be 

conducted under the supervision of the director or another lab member who can immediately assist in the event of 

a cyanide emergency. Use appropriate personal protective equipment (PPE), e.g., lab coat, eye protection, 

chemical-resistant gloves, etc. During the entire procedure, the operators should be separated from the cyanide 

sources using appropriate equipment, such as a glovebox and a fume hood. An operator must be equipped with an 

HCN detector during the experiments to avoid the inhalation of HCN (Figure S26). 

 

Figure S26. Experimental setup for ensuring safety during the in situ SD quantification with cyanide. (a) Lab-

made glovebox filled with Ar gas (which equips gas-inlet/outlet lines), (b) electrochemical cell and other 

equipment placed in the glove box, and (c) vacuum pump and UV-vis spectrophotometer placed in the fume hood. 
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Emergency procedures 

[1. Cyanide poisoning] First, seek immediate medical attention and treatment. This procedure gives first aid 

instructions for victims. 1) Inhalation: Immediately move the victim to a fresh air environment if the victim inhales 

cyanide. 2) Ingestion: Do not induce vomiting, and monitor the victim’s respiration. 3) Absorption: Remove 

cyanide sources from the victim immediately. Wash the victim’s exposed skin vigorously with a large quantity of 

water/soap to prevent cyanide’s adsorption through the victim’s skin. 

[2. Cyanide spills/leaks] Do not attempt to clean up large spills. Evacuate the laboratory and post a “Do not enter” 

sign on the laboratory entrance until the appropriate experts clear the laboratory/building. In the case of a small 

spill, clean up liquid using sand or an inert absorbent and remove it to a safe place. Cautiously neutralize with 

oxidants such as hypochlorite and hydrogen peroxide, followed by washing with plenty of water.25 

For more detailed emergency procedures, please refer to the Emergency Response Safety and Health Database of 

the National Institute for Occupational Safety and Health (NIOSH). 
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