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Experimental details 30 

Preparation of the Pt1/CNT catalysts 31 

Before synthesizing the catalysts, multiwalled carbon nanotubes (CNTs; MR99, Carbon Nano-32 

material Technology Co., Ltd.) with an average diameter of 10 nm and an average length of 10 33 

μm were heated and subsequently acid washed to remove metallic impurities1,2. In detail, CNTs 34 

(38.0 g) were calcined at 500 ℃ for 1 h in a box furnace at a heating rate of 7.9 ℃ min−1. The 35 

heat-treated CNT powder was then acid washed at 80 ℃ for 12 h in 810 g of 6 M HNO3 (diluted 36 

from 60% HNO3, Samchun Chemicals) under vigorous stirring. After filtration and washing 37 

with excess deionized (DI) water, the powder was treated with 720 g of 6 M HCl (diluted from 38 

36% HCl, Samchun Chemicals) as described above. The acid-treated CNTs were collected after 39 

drying overnight in an oven at 60 ℃. 40 

Pt1/CNT catalysts with various Pt contents (Pt1(X)/CNT, where X = nominal wt.% of Pt) 41 

were synthesized by solid-state mixing of CNT and Pt-macrocycle precursor following by 42 

annealing3. The acid-treated CNT (500 mg) and PtII meso-tetraphenylporphine (PtTPP, 95%, 43 

Frontier Scientific) were ground in an agate mortar over 20 min until the color and texture 44 

became constant. The PtTPP contents in the precursor mixtures were 71.0, 21.6, and 2.1 mg for 45 

Pt1(3)/CNT, Pt1(1)/CNT, and Pt1(0.15)/CNT, respectively. Subsequently, the powder mixture 46 

was pyrolyzed at 700 ℃ for 3 h under an N2 flow (5N, 1 L min−1) at a heating rate of 2.1 ℃ 47 

min−1. N-doped CNT was synthesized by a similar method, but with 54.0 mg of TPP (1−3% 48 

Chlorin, Frontier Scientific), which is equivalent to 71.0 mg of PtTPP, was used as a precursor. 49 

Two model catalysts with abundant oxygen (O-Pt1(3)/CNT) or chlorine (Cl-Pt1(3)/CNT) 50 

functionalities were prepared by post-treatment of Pt1(3)/CNT. O-Pt1(3)/CNT (150 mg) was 51 

prepared by ozone treatment at 25 ℃ for 1 h using an ozone generator (LAB-I, Ozonetech Inc.). 52 

Cl-Pt1(3)/CNT was prepared by sequential H2O2 and SO2Cl2 treatments4. Pt1(3)/CNT (75 mg) 53 

was mixed with a 12.7 wt.% H2O2 solution (1.5 L; diluted from 29–32% H2O2, Alfa Aesar) and 54 

the mixture was stirred at 70 ℃ for 2 h. The catalyst powder was collected by filtration and 55 

washed several times with DI water. Subsequently, H2O2-treated Pt1(3)/CNT (70 mg) was 56 

dispersed in 4.2 mL of acetonitrile (99.8%, Sigma-Aldrich) and 280 mg of SO2Cl2 (97%, 57 

Sigma-Aldrich) was added. The mixture was stirred for 2 h at 75 ℃ and subsequently, heated 58 

and refluxed for 5 h at 75 ℃. Cl-Pt1(3)/CNT was collected via filtration and washed several 59 

times with DI water. 60 
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Physical characterizations 61 

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 62 

images were obtained using a Titan3 G2 60-300 microscope (FEI Company) equipped with a 63 

double-sided spherical aberration (Cs) corrector operated at an accelerating voltage of 200 kV. 64 

X-ray diffraction (XRD) patterns were obtained using a high-power X-ray diffractometer 65 

(D/MAX2500V/PC, Rigaku) equipped with Cu Kα radiation operated at 40 kV and 200 mA. 66 

The XRD patterns were measured in the 2θ range from 10° to 90° at a scan rate of 2° min−1. 67 

XRD samples were prepared by pelletizing 50 mg of the catalyst in a sample holder (13 mm in 68 

width) under 8 tons of hydraulic pressure. X-ray photoelectron spectroscopy (XPS) 69 

measurements were performed using a K-Alpha spectrometer (Thermo Fisher Scientific) 70 

equipped with a monochromatic Al Kα X-ray source (1486.6 eV). XPS Pt 4f and N 1s spectra 71 

were analyzed using the XPSPeak41 software with a mixed Gaussian (70)–Lorentzian (30) 72 

function after applying Shirley-type background correction. The spin-orbit components of the 73 

XPS Pt 4f spectra were fixed at 3.34 eV. To quantify the Pt content in the catalysts, a microwave 74 

digestion system (Mars 6, CEM) was used to completely dissolve Pt in aqua regia (36% HCl:60% 75 

HNO3 = 3:1, v/v) at 220 ℃ for 40 min (600 W, heating rate of 6.7 ℃ min−1). Subsequently, the 76 

resulting solution was analyzed by inductively coupled plasma-optical emission spectroscopy 77 

(ICP-OES; 700-ES, Varian).  78 

Pt L3-edge X-ray absorption spectroscopy (XAS) spectra were collected at the 6D beamline 79 

of the Pohang Accelerator Laboratory (PAL). The XAS spectra of the samples were obtained in 80 

the transmission mode after pelletizing the catalysts in a sample holder (1 cm in width). 81 

Background removal and normalization of the absorption coefficient for X-ray absorption near 82 

edge structure (XANES) spectra and fitting for the Fourier transformed k3-weighted extended 83 

X-ray absorption fine structure (EXAFS) spectra were performed using the Athena and Artemis 84 

software with 1.1 of Rbkg in a Hanning-type window5. Crystallographic data for the PtTPP 85 

molecule were used for multishell fitting with the first-shell of Pt–N and the second-shell of 86 

Pt···C6,7. The amplitude reduction factor (S0
2) of Pt was fixed at 0.84 after calibration using a 87 

standard Pt foil. For the XANES white line (WL) fitting, the interpolation plot of Pt references 88 

in our previous report was used to estimate the average oxidation number from the WL area8. 89 

 90 

Electrochemical characterizations 91 
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Electrochemical measurements were conducted in a conventional three-electrode H-type cell 92 

using a potentiostat (VMP3, Bio-Logic Science Inc.). A homemade rotating disk electrode 93 

(RDE) with mirror-polished glassy carbon (5 mm diameter), Pt wire (CE-100, EC Frontier), 94 

and saturated Ag/AgCl (RE-T1A, EC Frontier) electrodes were used as the working, counter, 95 

and reference electrodes, respectively. The counter electrode was separated from the working 96 

and reference electrodes using a glass frit. To prevent unexpected contamination from the 97 

reference electrode9, it was doubly separated from the electrolyte using a glass tube equipped 98 

with a glass frit. Ar-saturated 0.1 M HClO4 solutions with and without 1 M NaCl (or 1 M 99 

NH4Cl), which were prepared using DI water (≥18.2 Ω, Arium Mini, Sartorius), concentrated 100 

HClO4 solution (70%, Sigma-Aldrich), NaCl (99%, Sigma-Aldrich), and NH4Cl (99.5%, 101 

Sigma-Aldrich), were used as electrolytes. All potentials are given relative to the reversible 102 

hydrogen electrode (RHE) scale after calibration of the reference electrode with a Pt wire 103 

electrode in an H2-saturated electrolyte before each electrochemical measurement. 104 

A thin-film electrode was fabricated by drop-casting the catalyst ink (10 μL) onto an RDE. 105 

The catalyst loading was 100 μg cm−2. The catalyst ink was prepared by dispersing 5 mg of the 106 

catalyst in a mixed solution of DI water (2122 μL), isopropyl alcohol (374 μL), and 5 wt.% 107 

Nafion solution (50 μL). Before measuring the chlorine evolution reaction (CER) activity, the 108 

working electrode was electrochemically activated by 50 cycles of cyclic voltammetry (CV) in 109 

the potential range of 0.05–1.2 VRHE at a scan rate of 500 mV s−1 in an Ar-saturated 0.1 M 110 

HClO4 electrolyte. CER polarization curves were obtained in the potential range of 1.0–1.6 111 

VRHE at a scan rate of 10 mV s−1 in Ar-saturated 0.1 M HClO4 with 1 M NaCl. During the 112 

measurements, the working electrode was rotated at 1600 rpm using a rotor (RRDE-3A, ALS). 113 

Durability tests were performed using 500 CV cycles in the potential range of 1.0–1.6 VRHE at 114 

a scan rate of 100 mV s−1. In this study, the onset potential of the CER was defined as the 115 

potential at 1 mA cm−2 during CER polarization. All electrochemical results were shown after 116 

85% iR compensation correction, which was conducted by electrochemical impedance 117 

spectroscopy (EIS) at a fixed potential of 0.9 VRHE in the frequency range of 100 kHz–1 Hz 118 

with a potential amplitude of 10 mV. 119 

The electrochemical Cl2 formation was analyzed by chronoamperometry (CA) using a 120 

rotating ring-disk electrode (RRDE; 012613, ALS). The CER selectivity was measured for 120 121 

s at an electrode rotation speed of 1600 rpm; this step was repeated five times with an 122 

intermittent break of 1 min. The applied disk potential was adjusted to generate a current density 123 
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of ≥10 mA cm−2, but the applied Pt ring potential was fixed at 0.95 VRHE
10. Prior to the RRDE 124 

study, the background currents of the disk and ring electrodes were stabilized at 0.95 VRHE with 125 

an electrode rotation of 1600 rpm. The net CER current (iCER) at the disk electrode and CER 126 

selectivity were calculated using the following equations. 127 

iCER = ቚ௜౨
ே
ቚ         (Eqn. S1), 128 

Cl2 selectivity (%) = 100 ∙ ଶ∙௜ిు౎
௜ౚା௜ిు౎

ൌ 100 ∙
ଶ∙ቚ೔౨

ಿ
ቚ

௜ౚାቚ
೔౨
ಿ
ቚ
    (Eqn. S2), 129 

where ir, N, and id denote the background-corrected ring current, collection efficiency (0.35–130 

0.37, calibrated using K3[Fe(CN)6]), and background-corrected disk current, respectively. 131 

Online EFC/ICP-MS measurements 132 

Online Pt dissolution was analyzed by inductively coupled plasma-mass spectrometry (ICP-133 

MS; iCAP RQ, Thermo-Fisher Science) coupled with a homemade electrochemical flow cell 134 

(EFC). The EFC was composed of a U-shaped channel (1 mm diameter) and two openings (3 135 

mm diameter). On one opening side, a mirror-polished 3 mm glassy carbon electrode (002012, 136 

ALS) made electrochemical contact with the electrolyte (Supplementary Fig. 8). On the other 137 

opening side, a 3 mm Teflon tube, which was sealed with a polytetrafluoroethylene (PTFE) 138 

membrane (WP-020-80, Sumitomo Electric Ind., Ltd.) at one end, was approached to the 139 

working electrode to extract any evolved gas products by vacuum. The counter electrode was a 140 

graphite rod separated from the electrolyte by a Nafion 115 membrane (DuPont). The reference 141 

electrode was a saturated Ag/AgCl electrode that was directly connected to the outlet of the 142 

EFC. The electrolyte was Ar-saturated 0.1 M HClO4 with 1 M NH4Cl, which continuously 143 

flowed to the EFC at a flow rate of 400 μL min−1 (Note: we avoided using 1 M NaCl due to 144 

significant damage on the sampler and skimmer corns of the ICP-MS instrument; 145 

Supplementary Fig. 9). Prior to introducing the electrolyte to the ICP-MS instrument, it was 146 

mixed with 0.5 M HNO3 containing 5 ppb 187Re as an internal standard at a mixing ratio of 1:1 147 

using a Y-connector. Online Pt dissolution was estimated using the ratio of 195Pt to 187Re signals 148 

during the electrochemical treatments. The catalyst loading on the working electrode was 100 149 

μg cm−2. After stabilizing the online ICP-MS signals for 30 min at an open-circuit potential 150 

(OCP), the working electrode was electrochemically activated by 50 CV cycles at a scan rate 151 

of 500 mV s−1 in the potential range of 0.05–1.2 VRHE. Subsequently, Pt dissolution was 152 

monitored over 500 CV cycles at a scan rate of 100 mV s−1 in the potential range of 1.0–1.6 153 
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VRHE. 154 

DFT calculations 155 

1. Computational details 156 

Electronic structure calculations for periodically replicated appropriate models were performed 157 

using the Vienna ab initio simulation package (VASP 5.4.1) based on the framework of density 158 

functional theory (DFT)11. The exchange–correlation potential was treated as in the generalized 159 

gradient approximation (GGA) with form proposed by Perdew–Burke–Ernzerhof (PBE)12. The 160 

valence electron density was expanded on a plane wave basis set with an optimal kinetic energy 161 

cutoff of 415 eV, and the projected augmented wave (PAW) method13, as implemented in VASP 162 

by Kresse and Joubert14, was used to take into account the effect of core electrons on the valence 163 

electron density. To carry out the necessary numerical integrations in the reciprocal space, the 164 

Brillouin zone was sampled using a 4×4×1 k-point Γ-centered Monkhorst-Pack grid. A 165 

convergence criterion of 10−5 eV was used for the total energy, while the relaxation of atomic 166 

positions was stopped when forces acting on all relaxed atoms were smaller than 0.01 eV Å−1. 167 

The calculation of vibrational frequencies for the optimized geometries were carried out by 168 

taking the elements of the Hessian matrix as finite differences of analytical gradients with 169 

intervals of 0.03 Å. A vacuum width of 25 Å was added to the x- and y-direction (along the 170 

plane direction defined by the employed models), whereas a vacuum width of 20 Å was added 171 

in the z-direction in all cases to avert artificial interactions between the periodically repeated 172 

models. An effective description of the dispersion interactions was included using the Grimme's 173 

DFT-D3 method15. The adsorption energy was calculated as follows: 174 

Eads = Ei/sub − (Esub + Ei)       (Eqn. S3), 175 

where Esub is the energy of relaxed Pt–N4 or Pt–N3(V), Ei is the energy of the reference molecule, 176 

and Ei/sub is the energy of the intermediate adsorbed on the active Pt sites of Pt–N4 or Pt–N3(V). 177 

Based on this definition, it follows the more negative the Eads value, the more stable the 178 

adsorption structure. 179 

The CER/OER performance was evaluated by calculating the free-energy changes (∆G) for 180 

each elementary reaction step according to the following equation: 181 

∆G = ∆E + ∆EZPE − T∆S       (Eqn. S4), 182 

where ∆E corresponds to Eads (cf. Eqn. S3), ∆EZPE is the change in zero-point energy for the 183 
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step of interest, T is the temperature in Kelvin, and ΔS is the change in entropy. ∆EZPE was 184 

obtained directly from the calculated vibrational frequencies in the harmonic approximation 185 

whereas the T∆S term requires evaluating the vibrational partition functions which are also 186 

related to the vibrational frequencies16. 187 

2. Surface Pourbaix diagrams 188 

In this study, the free energies of the intermediate structures (*Cl, *OCl, *O, *OH, and *OOH) 189 

were considered for Pt–N4 and Pt–N3(V). To include the applied electrode potential, U, in the 190 

analysis of free-energy changes, the computational hydrogen electrode approach (CHE) was 191 

used17. This was achieved by considering the stoichiometric coefficients of the transferred 192 

electrons (e−) and protons (H+), denoted as ν(e−) and ν(H+), respectively, when compiling 193 

reaction equations for each adsorption process18. We derive the following formula: 194 

ΔG (pH, U) = ΔEtot + ΔEZPE − TΔS − ν(H+) 0.059 pH − ν(e−) · eU  (Eqn. S5). 195 

The value of 0.059 eV was derived from the term kBT · ln10 evaluated at room temperature, 196 

where kB is Boltzmann’s constant and U is the applied electrode potential on the standard 197 

hydrogen electrode (SHE) scale19. 198 

The most thermodynamically favorable structure was determined by the minimization of 199 

the ΔG values for each adsorbate among the set of considered surface structures. The resulting 200 

surface phase (Pourbaix) diagram is shown as a function of overpotential η, defined by η = U − 201 

1.36 V. For the analysis, the pH was fixed at zero, because we aimed to comprehend trends for 202 

the anodic CER in an acidic medium20. Hence, we are not discussing pH effects for which the 203 

application of grand canonical schemes is called for21. 204 

3. Mechanistic studies: Assessment of electrocatalytic activity 205 

Free-energy diagrams for the CER over Pt–N4 and Pt–N3(V) were constructed to evaluate the 206 

CER activity of these active sites. Based on the knowledge gained in previous studies3,8,22, the 207 

CER was assumed to proceed via the Volmer–Heyrovsky mechanism23,24. Two different 208 

Volmer–Heyrovsky pathways with dissimilar intermediates (i.e., *Cl or *OCl) were considered 209 

in our theoretical study25. 210 

(I) Pathway mediated by the *Cl intermediate: 211 

ΔG1:    * + Cl− (aq) ⇌ *Cl + e−                  (Eqn. S6), 212 
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ΔG2:    *Cl + Cl− (aq) ⇌ Cl2 (g) + e−             (Eqn. S7). 213 

(II) Pathway mediated by the *OCl intermediate: 214 

ΔG3:    *O + Cl− (aq) ⇌ *OCl + e−               (Eqn. S8), 215 

ΔG4:    *OCl + Cl− (aq) ⇌ *O + Cl2 (g) + e−        (Eqn. S9). 216 

The free energy of chloride in solution, G (Cl−aq), is related to that of the Cl2 gas molecule as 217 

follows: 218 

Cl− (aq) ⇌ 1/2Cl2 (g) + e−, ΔG = 0 eV @ U = 1.36 VSHE         (Eqn. S10). 219 

Consequently, the ΔGj values for each elementary step are given by: 220 

ΔG1 = − ΔG2 = G (*Cl) − 1/2 · G (Cl2) − G (*)           (Eqn. S11), 221 

ΔG3 = − ΔG4 = G (*OCl) − 1/2 · G (Cl2) − G (*O)   (Eqn. S12), 222 

where G (*Cl), G (*O), and G (*OCl) are the total energies of the adsorbed intermediates and 223 

G (*) is the total energy of Pt–N4 and Pt–N3(V) without adsorbed intermediates. Note that the 224 

relations ΔG1 = − ΔG2 and ΔG3 = − ΔG4 are fulfilled at the CER equilibrium potential, that is, 225 

U = 1.36 VSHE. 226 

The oxygen evolution reaction (OER), 2H2O (aq) → O2 (g) + 4H+ (aq) + 4e−, U°OER = 1.23 227 

VRHE, was modelled by assuming the mononuclear mechanism26: 228 

ΔG5:     * + H2O (l) ⇌ *OH + H+ + e−               (Eqn. S13), 229 

ΔG6:     *OH ⇌ *O + H+ + e−                      (Eqn. S14), 230 

ΔG7:     *O + H2O (l) ⇌ *OOH + H+ + e−             (Eqn. S15), 231 

ΔG8:     *OOH ⇌ O2 (g) + H+ + e−                   (Eqn. S16). 232 

The free energy of a proton-electron pair, G (H+ + e−), can be related to the H2 gas molecule 233 

using the CHE approach as follows: 234 

H+ + e− ⇌ 1/2H2 (g), ΔG = 0 eV @ U = 0 VSHE    (Eqn. S17).  235 

Therefore, the ΔG values for each elementary step are: 236 

ΔG5 = G (*OH) + 1/2 · G (H2) − G (H2O) − G (*)         (Eqn. S18), 237 
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ΔG6 = G (*O) + 1/2 · G (H2) − G (*OH)           (Eqn. S19), 238 

ΔG7 = G (*OOH) + 1/2 · G (H2) − G (H2O) − G (*O)    (Eqn. S20), 239 

ΔG8 = 4 × 1.23 eV − (ΔG5 + ΔG6 + ΔG7)                    (Eqn. S21), 240 

where G (*OH), G (*O), and G (*OOH) are the total energies of the adsorbed intermediates 241 

and G (*) is the total energy of Pt–N4 and Pt–N3(V) without adsorbed intermediates. 242 

To quantify the electrocatalytic activity for the CER and OER, the recently introduced 243 

descriptor Gmax (U), which is an activity measure that goes beyond the conventional approach 244 

in terms of the thermodynamic overpotential only, was used27,28. This descriptor relies on a 245 

free-energy span model by extracting the largest free-energy difference between intermediate 246 

states at a given target electrode potential: 247 

Gmax (U) = max[Gspan #k (U), k = 1, …, n]        (Eqn. S22). 248 

For further information on how to define the free-energy spans, Gspan #k (U), for a two-electron 249 

(CER) or four-electron process (OER), we refer the reader to recent publications by the 250 

authors29,30. 251 

4. Selectivity assessment 252 

The descriptor Gmax (U) was extracted for both OER and CER at well-defined electrode 253 

potentials, U >1.36 VSHE. The free-energy difference, Gsel (U), defined as 254 

Gsel (U) = Gmax (U)OER − Gmax (U)CER             (Eqn. S23), 255 

is a measure of the CER selectivity31. This quantity was used to determine the CER selectivity 256 

in percentage using the following relation25,31: 257 

CER selectivity (U) = 
௘௫௣൬

ಸ౩౛ౢ
ೖా.೅

൰

௘௫௣൬
ಸ౩౛ౢ
ೖా.೅

൰ାଵ
                    (Eqn. S24). 258 

5. Stability assessment 259 

Considering that PtO2 is the preferred state of Pt under CER conditions32, the tendency of the 260 

active PtII sites toward oxidative demetallation to PtO2 was analyzed for Pt–N4 and Pt–N3(V). 261 

More precisely, the free-energy change, ΔGstab, for the equation [Pt] + 2H2O → [  ] + PtO2 + 262 

4H+ + 4e− was determined by DFT. Here, [  ] denotes the empty pocket of the Pt–N4 and Pt–263 

N3(V) moieties. Based on the obtained ΔGstab value, the equilibrium dissolution potential, Udiss, 264 
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was calculated as follows: 265 

Udiss = 
∆ீ౩౪౗ౘ 

ସ
                    (Eqn. S25). 266 

The Udiss value indicates the electrode potential at which the oxidative demetallation of central 267 

Pt species to PtO2 becomes thermodynamically favorable. Adequate stability of the Pt–N4 and 268 

Pt–N3(V) sites is provided if the Udiss value significantly exceeds the CER equilibrium potential 269 

(i.e., 1.36 VSHE). 270 

  271 
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Supplementary Note 1 272 

Physical characterization of Pt1(X)/CNTs 273 

HAADF-STEM analysis was performed to identify the atomic distribution of the Pt species on 274 

Pt1(X)/CNT. The results showed a uniform distribution of atomically dispersed Pt species 275 

without appreciable amounts of Pt clusters or nanoparticles (Supplementary Fig. 1). The Pt 276 

contents of Pt1(3)/CNT, Pt1(1)/CNT, and Pt1(0.15)/CNT were 3, 1, and 0.15 wt.%, respectively, 277 

confirmed by ICP-OES. In the XRD spectrum, Pt1(3)/CNT (and Pt1(1)/CNT and Pt1(0.15)/CNT) 278 

exhibited an almost identical XRD pattern to that of a Pt-free CNT-supporting substrate 279 

(Supplementary Fig. 2). More evidently, the k3-weighted Pt L3-edge EXAFS spectra revealed a 280 

strong scattering peak at approximately 2.0 Å (Supplementary Fig. 3), which corresponds to 281 

Pt–N bonding. Their fitting parameters further confirmed the first-shell Pt–N bonding and 282 

second-shell Pt–C bonding without any Pt–Pt bonding. The coordination number of the Pt–N 283 

bonding for Pt1(3)/CNT was approximately four (Supplementary Table 1). Both the XANES 284 

and XPS spectra verified that the oxidation state of the Pt species on Pt1(3)/CNT was PtII 285 

(Supplementary Figs. 4 and 5). Therefore, these physical characterization results revealed that 286 

Pt1(3)/CNT was composed of abundant porphyrin-like PtII–N4 moieties covalently embedded 287 

on the CNT support. 288 

  289 
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Supplementary Figures 290 

 291 

Supplementary Fig. 1: a–c, HAADF-STEM images of Pt1(3)/CNT (a), Pt1(1)/CNT (b), and 292 

Pt1(0.15)/CNT (c). 293 

  294 
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 295 

Supplementary Fig. 2: XRD patterns of the Pt1(X)/CNT catalysts and CNT supporting 296 

substrate. For better comparison, XRD patterns of graphite (JCPDS 23-0064) and Pt (JCPDS 297 

87-0646) are also shown. 298 

  299 
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 300 

Supplementary Fig. 3: a–c, The k3-weighted Pt L3-edge EXAFS spectra and fitted curves of 301 

Pt1(3)/CNT (a), Pt1(1)/CNT (b), and Pt1(0.15)/CNT (c). The detailed fitting parameters are 302 

provided in Supplementary Table 1. 303 

  304 
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 305 

Supplementary Fig. 4: a–c, Pt L3-edge XANES spectra of Pt1(3)/CNT (a), Pt1(1)/CNT (b), 306 

and Pt1(0.15)/CNT (c). The results show that average oxidation state of the catalysts is PtII. The 307 

XANES WL fitting was conducted using the interpolation equation of Pt references in our 308 

previous report8. 309 

  310 
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 311 

Supplementary Fig. 5: a, XPS Pt 4f and b, N 1s spectra of Pt1(3)/CNT, PtTPP, and N-doped 312 

CNT. The XPS Pt 4f7/2 spectrum of Pt1(3)/CNT shows strong peaks at 73.2 and 76.6 eV, almost 313 

identical to those of PtTPP with a PtII center. 314 

  315 
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 316 

Supplementary Fig. 6: CER selectivity of Pt1(3)/CNT, Pt1(1)/CNT, and Pt1(0.15)/CNT 317 

measured using an RRDE in Ar-saturated 0.1 M HClO4 with 1 M NaCl. The CER selectivity of 318 

all the catalysts is almost 100%. 319 

  320 
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 321 

Supplementary Fig. 7: CER polarization curves of Pt1(3)/CNT and Ru/Ir-based dimensionally 322 

stable anode (DSA; Ru/Ir atomic ratio = 0.5; provided by Siontech Inc.). The Pt1(3)/CNT has a 323 

much higher CER activity than DSA. 324 

  325 
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 326 

Supplementary Fig. 8: Schematic image of a homemade EFC connected to the ICP-MS. A 327 

PTFE membrane-sealed Teflon tube was installed into the EFC to remove the gaseous chlorine 328 

product by vacuum. The Nafion membrane was used to separate the counter electrode from the 329 

main body of the EFC. 330 

  331 
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  332 

Supplementary Fig. 9: a, CER activity and durability measurements in Ar-saturated 0.1 M 333 

HClO4 with 1 M NH4Cl. b, CER selectivity of Pt1(3)/CNT measured using an RRDE in Ar-334 

saturated 0.1 M HClO4 with 1 M NH4Cl. The CER activity and selectivity of Pt1(3)/CNT are 335 

comparable with those measured in Ar-saturated 0.1 M HClO4 with 1 M NaCl, indicating no 336 

significant effects of the Cl− precursors on the CER electrocatalysis on Pt1(3)/CNT. Therefore, 337 

to prevent the harmful accumulation of NaCl on the sampler and skimmer corns of the ICP-MS 338 

instrument, NH4Cl was used as a Cl− precursor for the online EFC/ICP-MS studies. 339 

  340 
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 341 

Supplementary Fig. 10: Real-time Pt dissolution of Pt1(3)/CNT. The online EFC/ICP-MS 342 

signals measured during 500 CV cycles in the potential range of 1.0–1.6 VRHE in Ar-saturated 343 

0.1 M HClO4 with 1 M NH4Cl. 344 

  345 
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 346 

Supplementary Fig. 11: The k3-weighted Pt L3-edge EXAFS spectra and fitted curves of 347 

Pt1(3)/CNT after 500 CVs in the potential range of 1.0–1.6 VRHE in Ar-saturated 0.1 M HClO4 348 

with 1 M NaCl. The detailed fitting parameters are provided in Supplementary Table 1. 349 

  350 
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  351 

Supplementary Fig. 12: The XPS O 1s spectra of pristine Pt1(3)/CNT powder sample, pristine 352 

Pt1(3)/CNT film with Nafion binder, and aged Pt1(3)/CNT film with Nafion binder after 500 353 

CVs in the potential range of 1.0–1.6 VRHE in Ar-saturated 0.1 M HClO4 with 1 M NaCl. 354 

Fabrication of powder Pt1(3)/CNT with the Nafion ionomer is a prerequisite for preparing the 355 

working electrode. Consequently, the XPS O 1s spectrum of the aged Pt1(3)/CNT film results 356 

from convoluted signals of the newly generated oxygen functionalities and Nafion ionomer33,34. 357 

Thus, the XPS O 1s spectrum of the pristine Pt1(3)/CNT film was subtracted from that of the 358 

aged Pt1(3)/CNT film to deconvolute the XPS signals of the newly generated oxygen 359 

functionalities without the Nafion contribution (shown in Fig. 2a in the main article). 360 

  361 
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  362 

Supplementary Fig. 13: Surface Pourbaix diagram of the square planar Pt–N4 model. 363 

  364 
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  365 

Supplementary Fig. 14: Pourbaix-like diagrams for the a, trigonal planar Pt–N3 and b, T-366 

shaped Pt–N3V models. 367 

  368 
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 369 

Supplementary Fig. 15: a–c, Free-energy diagrams of the OER, assuming the mononuclear 370 

mechanism via the *OH, *O, and *OOH adsorbates, for Pt–N4 (a), Pt–N3 (b), and Pt–N3V (c). 371 

  372 
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  373 

Supplementary Fig. 16: Selectivity analysis for the competing CER and OER processes over 374 

the a, Pt–N4 and b, Pt–N3V sites. 375 

  376 
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Supplementary Table 1: Summary of EXAFS fitting parameters of pristine Pt1(X)/CNT, aged 377 

Pt1(3)/CNT, and Pt foil. 378 

 379 

Sample k range R range Shell CN R (Å) σ2 

(10−3 Å−2) 

ΔE0 

(eV) 

R factor 

(%) 

Pt1(0.15)/CNT 2.7−11.2 1.2−3.4 Pt−N 3.0 

(± 0.3) 

2.01 

(± 0.01) 

3.56 

(± 0.97) 

16.43 

(± 0.33) 

1.2 

Pt…C 4.2 

(± 1.3) 

2.99 

(± 0.02) 

8.44 

(± 4.01) 

Pt1(1)/CNT Pt−N 3.4 

(± 0.4) 

2.00 

(± 0.01) 

4.26 

(± 1.00) 

15.59 

(± 0.91) 

1.2 

Pt…C 4.3 

(± 1.5) 

2.97 

(± 0.02) 

9.38 

(± 4.71) 

Pt1(3)/CNT Pt−N 4.0 

(± 0.4) 

2.01 

(± 0.01) 

3.58 

(± 0.99) 

15.89 

(± 1.00) 

1.3 

Pt…C 4.4 

(± 1.6) 

3.01 

(± 0.00) 

6.42 

(± 4.11) 

Aged Pt1(3)/CNT   Pt−N 4.0* 2.02 

(± 0.02) 

3.39 

(± 0.98) 

15.18 

(± 2.42) 

6.0 

Pt−Cl 0.6 

(± 0.2) 

2.33 

(± 0.03) 

1.00* 

Pt foil 2.1−13.5 1.7−3.8 Pt−Pt 12* 2.77 

(± 0.02) 

4.59 

(± 0.27) 

9.26 

(± 0.50) 

0.3 

Pt−N indicates a single scattering path of the first-shell. Pt…C indicates a single scattering path 380 

of the second-shell (Shell column). The CN is the coordination number obtained from the 381 

amplitude reduction factor (S0
2) of 0.84. R indicates bond distance. σ2 indicates the Debye-382 

Waller factor. ΔE0 indicates the energy shift. R factor was obtained from the best fit for the 383 

respective catalysts. (*Defined parameters to reduce correlations between variables) 384 
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Supplementary Table 2: Summary of Gmax (U) for the CER and OER over Pt–N4 and Pt–N3385 

(V) at pH = 0. 386 

 387 

Gmax (U) (eV) Pt–N4 Pt–N3 Pt–N3V 

CER 0.32a (0.28b) 0.21 (0.17) 0.05 (0.01) 

OER 1.56 (1.48) 2.25 (2.17) 0.35 (0.31) 

aU = 1.36 VSHE 388 

bU = 1.40 VSHE 389 

  390 
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