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Supplementary Fig. 1 | Additional TEM images and Pt particle size distribution histograms of
Pti/CNT and PtNP/CNT catalysts. a Low-magnification HR-TEM image, b HAADF-STEM
image, and c¢ Pt particles size distribution histogram of Pti//CNT catalyst. d Low-magnification
HR-TEM image, e HAADF-STEM image, and f Pt particles size distribution histogram of
PtNP/CNT catalyst. Scale bars: 20 nm in a, d and 2 nm in b, e.
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Supplementary Fig. 2 | EELS spectrum of Pti/CNT. a High-magnification HAADF-STEM
image. Scale bar: 1 nm. b EELS spectrum of Pti//CNT taken on the red dotted box (~5 A?) in a.
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Supplementary Fig. 3 | XRD patterns of CNT, Pti//CNT, and PtNP/CNT catalysts. Reference
for the face-centred cubic (fcc) Pt (JCPDS # 87-0646) is also shown.
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Supplementary Fig. 4 | i*-weighted Pt Li-edge EXAFS spectra and fitted curves of Pti/CNT
catalyst, PtTPP precursor, PtNP/CNT catalyst, and Pt foil. a Pti/CNT catalyst, b PtTPP
precursor, ¢ PtINP/CNT catalyst, and d Pt foil.
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Supplementary Fig. 5 | Deconvoluted Pt 4f XPS spectra of Pti/CNT and PtNP/CNT catalysts.
The spin-orbit splitting and area ratio for 4fs; (dashed lines) and 47,2 (solid lines) peaks are
3.34 eV and 3:4, respectively. The peak of Pt 4f7,2 in the spectrum of Pti//CNT catalyst was
observed at 73.1 eV, which is close to the value of Pt porphyrin in a previous report!.
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Supplementary Fig. 6 | HAADF-STEM images of Pti/CNT X catalysts (X=annealing
temperature). a Pti/CNT 500, b Pti/CNT 600, and ¢ Pti/CNT_800. Scale bars: 2 nm.
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Supplementary Fig. 7 | XRD patterns of CNT and Pti//CNT X catalysts. Reference for the

face-centred cubic (fcc) Pt (JCPDS # 87-0646) is also shown.
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Supplementary Fig. 8 | K*-weighted Pt Ls3-edge EXAFS and XANES spectra of Pti/CNT X
catalysts and unpyrolysed mixture of PtTPP precursor and CNT. a EXAFS spectra. b Enlarged
white line region of XANES spectra. Unpyrolysed mixture of PtTPP and CNT was denoted as
“mix”. The XANES spectrum of PtNP/CNT catalyst was also displayed in b for comparison.

S9



a
Pt-N,
Graphitic N 3 P}yridinic N
= %&-—
— 3 /; 3
s A
< —
Z n
2 600 _ia_zf(»\\\\-_
2 =z
= iy
500 A
P{TPP (x 0.3) !
—r—TT7
405 403 401 399 397 395

Binding energy (eV)

Intensity (a.u.)

82 80 78 76 74 72 70 68

Ptz
Pt4fs, | A Ptaf,
A‘\ !
800 " o/
: -~
1
|
/'}\ 1
/I }\\ }
g/ | Sagf
! ~
A
N
600 oo | N |
S
} !
a% |
500 AR |
57 | Seod |
|
PtTPP /’T\\ 1
03) J N
) ) ' ) ' ) ' ) ' )

Binding energy (eV)

Supplementary Fig. 9 | Deconvoluted N 1s and Pt 4f XPS spectra of Pti/CNT X catalysts and
PtTPP precursor. a Deconvoluted N 1s XPS spectra. b Deconvoluted Pt 4f XPS spectra. In b,
the spin-orbit splitting and area ratio for 4f5,2 (dashed lines) and 4f72 (solid lines) peaks are 3.34

eV and 3:4, respectively.
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Supplementary Fig. 10 | RRDE measurements of CER activities on Pti/CNT, PtINP/CNT
catalysts, and CNT in acidic media with 1.0 M NaCl. The measurement conditions were Ar-
saturated 0.1 M HCIO4, an electrode rotation speed of 1600 rpm, and a scan rate of 10 mV s
Top panel indicates disk currents for CER. Bottom panel shows the corresponding ring current
for Clz reduction obtained on Pt ring electrode, whose potential was fixed at 0.95 V.
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Supplementary Fig. 11 | Electrochemical CO stripping results of PtNP/CNT catalyst in acidic
media. The calculated electrochemically active surface area of PtNP/CNT is noted in
parenthesis.
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Supplementary Fig. 12 | CER polarisation curves of Pti/CNT catalyst on a carbon paper and
DSA in different electrolyte conditions. a 0.1 M HCIO4 + 1.0 M NaCl, b 0.55 M NacCl, and ¢
natural seawater. A scan rate of 10 mV s~! were used.
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Supplementary Fig. 13 | CER polarisation curves of Pti/CNT catalyst loaded on a carbon paper
and DSA in 0.1 M HCIO4 + 1.0 M NaCl at 80 °C. The equilibrium potential of CER (EcEr)
depends on the temperature (see Methods in the manuscript).
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Supplementary Fig. 14 | Cyclic voltammograms of Pti/CNT catalyst on a carbon paper and
DSA in acidic media with 1.0 M NaCl and SEM image of DSA. a Cyclic voltammograms in
Ar-saturated 0.1 M HCIOs at a scan rate of 50 mV s™. b SEM image of DSA.
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Supplementary Fig. 15 | RRDE measurements of CER activities on Pti/CNT X catalysts and
unpyrolysed mixture of PtTPP precursor and CNT in acidic media with 1.0 M NaCl. The
measurement conditions were Ar-saturated 0.1 M HClO4, an electrode rotation speed of 1600
rpm, and a scan rate of 10 mV s™'. Top panel indicates disk currents for CER. Bottom panel
shows the corresponding ring current for Cl2 reduction obtained on Pt ring electrode, whose

potential was fixed at 0.95 V.
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Supplementary Fig. 16 | Nyquist plots and corresponding fitting results of Pti/CNT X
catalysts and unpyrolysed mixture of PtTPP precursor and CNT in acidic media with 1.0 M
NaCl. a Equivalent circuit for EIS fitting. b Nyquist plots with high impedance range. ¢ Nyquist
plots with low impedance range. The measurement conditions were Ar-saturated 0.1 M HCIO4
+ 1.0 M NaCl, a fixed potential of 1.4 V, an electrode rotation speed of 1600 rpm, and a
frequency range of 1—-100,000 Hz. The empty circle and solid line in the Nyquist plots indicate
experimental and fitting results, respectively.
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Supplementary Fig. 17 | CER polarisation curves of Pti/CNT catalyst loaded on a carbon paper
before and after 12 h of stability test at 10 mA cm 2 at a scan rate of 10 mV s~ ! (Fig. 1¢). An
electrolyte was stirred at a rotation speed of 300 rpm. The electrolyte was replaced with a fresh
electrolyte after the stability test.
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Supplementary Fig. 18 | Chronoamperograms for iodometric titration of Cl2 product on
Pti/CNT, PtNP/CNT catalysts, and DSA in acidic media with 1.0 M NaCl. a Pti/CNT, b
PtINP/CNT, and ¢ DSA catalysts. The electrolytes were Ar-saturated.
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Supplementary Fig. 19 | Chronoamperograms of Pti/CNT and PtNP/CNT catalysts measured
by RRDE in acidic media with 1.0 M NaCl. a Pti/CNT and b PtNP/CNT catalysts. The
measurement conditions were Ar-saturated 0.1 M HCIO4 and an electrode rotation speed of
1600 rpm. The potential of the Pt ring electrode was fixed at 0.95 V for Clz reduction.

S20



Q

20 4 £cer=96.9 + 21% | 3
T a
§ 10 - -2 O
< - 3
& N
= Pu/ICNT 1 —

0 4 0.1 M HCIO4 |
0.1 M NaCl
! | ! | ! | ' O
0 30 60 90 120
Time (s)

b 20 &cer = 61.3 + 2.4% 3
£ 10 - -2 0
T B
~ = 1 N
= DSA et

0+ 0.1 M HCIO4 }
0.1 M NaCl
! I ! T T T T O
0 30 60 90 120
Time (s)

Supplementary Fig. 20 | Chronoamperograms for iodometric titration of Cl2 product on
Pt1/CNT catalyst and DSA in acidic media with 0.1 M NaCl. a Pti/CNT and b DSA catalysts.
The electrolytes were Ar-saturated.
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Supplementary Fig. 21 | Chronoamperograms of Pti/CNT and PtNP/CNT catalysts measured
by RRDE in acidic media with 0.5 M or 0.1 M NaCl. The CER selectivity of Pti/CNT in a 0.5
M NaCl and b 0.1 M NaCl, and PtNP/CNT in ¢ 0.5 M NaCl and d 0.1 M NaCl. The
measurement conditions were Ar-saturated 0.1 M HCIO4 and an electrode rotation speed of
1600 rpm. The potential of the Pt ring electrode was fixed at 0.95 V for Cl2 reduction.
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Supplementary Fig. 22 | Chronoamperograms for iodometric titration of Cl2 product on
Pti/CNT, PtNP/CNT, and DSA catalysts in neutral media with 0.55 M NaCl. a Pti//CNT, b
PtINP/CNT, and ¢ DSA catalysts. The electrolytes were Ar-saturated.
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Supplementary Fig. 23 | Chronoamperograms of Pti/CNT X catalysts measured by RRDE in
acidic media with 1.0 M NaCl. a Pti//CNT mix, b Pti/CNT 500, ¢ Pti/CNT 600, d
Pti/CNT _700, and e Pti/CNT_800. Measurement conditions were Ar-saturated 0.1 M HClO4
and an electrode rotation speed of 1600 rpm. The potential of the Pt ring electrode was fixed at
0.95 V for Cl2 reduction.
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Supplementary Fig. 24 | Model systems for plausible Pt—Nu sites including PtN4Ci2, PtN4Cio,
and PtN2+2Cs+4. Six plausible adsorbates (i.e., CIO*, CI, H", OOH", O, and OH") were
considered. Coordination numbers (CNs) of Pt atoms in the PtN2+2Cs+4 are labelled below. The
white, black, pink, dark-blue, purple, and yellow-green coloured spheres represent the hydrogen,
carbon, nitrogen, platinum, oxygen, and chlorine atoms, respectively.
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Supplementary Fig. 25 | The adsorption free energy for plausible adsorbates on three Pt—Na
sites. Seven plausible adsorbates (i.e., bare (*), CI", 0", CIO", OH", H", and OOH") on Pt—Na
sites were considered as a function of the theoretical standard hydrogen electrode potential
(Usne) at pH = 0: a PtN4Ci2, b PtN4Cio, and ¢ PtN2+2C4+4.
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Supplementary Fig. 26 | Pourbaix diagram of theoretical standard hydrogen electrode potential
(UshE) vs. pH for three Pt—Nj sites in equilibrium with H", C1” and H20 at =298 K. a PtN4Ci2,
b PtN4Cio, and ¢ PtN2+2C4+4. Red dashed line and blue dashed line represent the equilibrium
potential for CER in the SHE scale (Ueq = 1.36 V) and OER (Ueq = 1.23 V —0.059 pH),
respectively. Black solid lines represent the phase boundary where two adsorbate species exist
in equilibrium.
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Supplementary Fig. 27 | Pourbaix diagram of theoretical standard hydrogen electrode potential
(UshE) vs. pH for three Pt—Ng sites in equilibrium with H" and H20 at =298 K. a PtN4Ci2, b
PtN4Cio, and ¢ PtN2+2Ca+4. Blue dashed line represents the equilibrium potential for OER in the
SHE scale (i.e., Ueq=1.23 V —0.059 pH). Black solid lines represent the phase boundary where
two adsorbate species exist in equilibrium.
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Supplementary Fig. 28 | Atomic structures of - and f-phases of PtOz. Crystalline system,
space group, and Gibbs free energy of formation (AGr) for each phase are given below the unit

cells. The AGr’s are determined with respect to the bulk Pt and molecular oxygen (i.e., AGr =
G(PtO2) — G(Pt-bulk) — G(Oz(g)). Colour legends — Pt: dark-blue; O: red.
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Supplementary Fig. 29 | Model systems for PtO2 (110) surface including four plausible
adsorption sites in top view. Among the four plausible adsorption sites, including two bridged
oxygen and two coordinatively unsaturated (cus) sites, a total of 18 combinations of adsorbate
species (i.e., Ob, OHb at bridge sites as well as OHc, Clc, Oc, OOHe, Oz2(), ClO¢ at cus sites,
respectively) were considered. Black dotted circles represent the adsorbate structures. Topmost
layers are magnified with ball-and-stick style for visualisation. The dark-blue and red spheres
represent the platinum and oxygen atoms at the surface, respectively. The white, yellow-green,
and purple spheres represent the hydrogen, chlorine, and oxygen atoms for the adsorbates,
respectively.
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Supplementary Fig. 30 | Adsorption free energy (AG) of plausible adsorbates on PtO2 (110)
surface. A total of 18 plausible combinations of adsorbate species (i.e., O, OHb at bridge sites
as well as OHc, Clc, Oc, OOHc, O2(), ClOc at cus sites, respectively) were considered as a
function of the theoretical standard hydrogen electrode potential (Usue) at pH = 0. Black dashed
lines represent the phase boundary where two adsorbate species exist in equilibrium. The most
stable adsorbate species at each area (divided by black dashed line) are labelled below.
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Supplementary Fig. 31 | Pourbaix diagram of theoretical standard hydrogen electrode potential
(Usug) vs. pH for PtO2 (110) surface. Red dashed line and blue dashed line represent the
equilibrium potential for CER (Usue = 1.36 V) and OER, respectively. Black solid lines
represent the phase boundary where two adsorbate species exist in equilibrium.
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Supplementary Fig. 32 | a Electrode potential shift (AU), which was gauged with the
difference in chemical potential of Pt atom in the Pt—Na sites and that on the Pt(111) surface
[i.e., Upt—N,— HMpt(111))- The black dotted line represents the dissolution potential of Pt(111)
surface. b Schematics for leaching of a Pt atom on the Pt(111) surface, used for upy111)
calculation. Colour legends — Pt(top-most): dark-blue; Pt(second-most from top): black;
Pt(third-most from top): grey; Pt(bottom-most): light-grey. The red dotted circle indicates the
leaching site on the outermost layer.
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Supplementary Fig. 33 | Model systems for PtO2 (110) surface for CER (top view). Two
plausible intermediate structures including 20b2Clc and 20b2ClO: were considered. Black
dotted circles represent the reaction sites. Topmost layers are magnified with ball-and-stick
style for visualisation. Dark-blue and red spheres represent the platinum and oxygen atoms at
the surface, while the yellow-green and purple spheres represent the chlorine and oxygen atoms
for the adsorbates, respectively.
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Supplementary Fig. 34 | Experimental Tafel plot exhibiting two linear Tafel regions with Tafel
slopes of 38 and 79 mV dec!. The fitting ranges of overpotential for CER (7cer) are indicated.
The exchange current density jo is given by extrapolation.
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Supplementary Fig. 35 | Transition state free energy corresponding to the step #i (Gy,(Mcer))
as a function of applied overpotential 7cer in Pti/CNT. The first step (#1) corresponds to the
Heyrovsky step, while the second step (#) corresponds to the Volmer step. The black dashed
line indicates the thermodynamic optimum of PtN4Ci2 species, where the 7cer is equal to the
thermodynamic overpotential for CER (i.e., r7cer = nrpcer) (= 0.09 V)). b Absolute value of
adsorption free energy for the reaction intermediate (JAG(7cer)|) of PtN4Ci2 species as a
function of applied overpotential, 7cer. The black dashed line indicates the thermodynamic
optimum (JAG(ncer)| = 0), where the 7cer equals to the thermodynamic overpotential for CER
(1.e., cer = nroCEr) (= 0.09 V).
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Supplementary Fig. 36 | Free energy diagrams for the OER on Pt—Nz sites at zero overpotential
(noer = 0 V); a PtN4Ci2, PtN4Cio and b PtN2+2Ca+4. The active adsorbate structures for each

model were employed as initial steps (i.e., bare structure (*) for PtN4Ci2 and PtN4Cio, and O
for PtN2+2Ca+4, respectively). The black dotted line represents the thermoneutral state (i.e., AG
=0).
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Supplementary Table 1 | Elemental analysis results of CNT, Pt;/CNT, and PtNP/CNT.

Sample C N (0] H Pt
CNT 94.7 0.0 2.6 0.2 -
(95.62) (0.0) (1.97) (2.41) )
Pti//CNT 93.9 0.7 1.0 0.3 2.7
(94.86) (0.61) (0.76) (3.61) (0.17)
PINP/CNT 933 0.0 1.9 0.3 2.9
(94.74) (0.0) (1.45) (3.63) (0.18)

C, N, O, and H were determined by EA and Pt was determined by ICP-OES. The contents of each
element are presented in wt% with at% in parentheses.
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Supplementary Table 2 | Summary of EXAFS fitting parameters of Pt;/CNT catalyst,
PtTPP precursor, PtNP/CNT catalyst, and Pt foil.

Sample  Shell CN R (A) 2 (102 A2)  AE,(eV) R factor (%)
Ptj/CNT Pt—N 39+£0.7 2.00+0.01 3.44+1.49 12.51+2.13 1.8
PtC 40%£2.7 3.00+0.03 5.03+6.26
PtTPP Pt—N 4% 2.01£0.01 1.09=+0.46 11.44+1.80 0.9
Pt-C 8* 3.04+001 1.89+0.99
ZPt-C 16* 330£0.04 1.28+6.78
PINP/CNT Pt—C 33+£09 2.04+£0.02 547+248 4.25+3.07 2.0
Pt—Pt 7.7+3.7 270+£0.02 17.33+£4.23
(1)
Pt foil Pt—Pt 12 2.77+0.00 4.82+0.10 8.28 +£0.28 0.1
(1%)
Pt—Pt 6 3.80+0.01 4.79+0.49
(2")

Pt—N indicates a single scattering path of the first shell. Pt"C and £ZPtC indicate a single scattering

path of the second shell and an obtuse triangle path of Pt~ C, respectively (Shell column). The CN is the
coordination number obtained from the amplitude reduction factor (Sy?) of 0.85. * denotes the fixed

constant value of CN obtained from the crystallographic data in a previous report’. R indicates bond

distance. o indicates the Debye-Waller factor. AE, indicates the energy shift. R factor was obtained

from the best fit for the respective catalysts.
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Supplementary Table 3 | Comparison of CER activity and operation condition of Pt{/CNT
catalyst and those of previously reported catalysts in acidic media.

Catalysts Overpotential Exchange CER Precious Ref.
@10 mA cm? current operation metal
(mV) density conditions contents
(mA cm™?)
Pti/CNT 50 0.43 0.1 MHCIOs 2.7 wt% Pt This work
(RRDE method) + 1.0 M NaCl (0.17 at% Pt) (Fig. 2a)
(pH 0.9, 25 °C)
Pti//CNT 70 0.44 This work
(carbon paper) (Supplementary
Fig. 12a)
PtNP/CNT 120 0.23 0.1 MHCIOs 2.9 wt% Pt This work
(RRDE method) +1.0 M NaCl (0.18 at% Pt) (Fig. 2a)
(pH 0.9, 25 °C)
Commercial 105 0.20 0.1 MHCIO4 NA This work
DSA, + 1.0 M NaCl (Supplementary
Ru-Ti—Ir/Ti (pH 0.9, 25 °C) Fig. 12a)
(Siontech,
Korea)
RuO; (110) 140* 4.5x1073 0.1 MHCIOs NA Supplementary
+ 1.0 M NaCl Ref.’
(pH 0.9, 25 °C)
Commercial 90* NA 3.0 MNaNOs; NA Supplementary
DSA, +1.0 M NaCl Ref. *
Ru-Ti—Ir/Ti (pH 3.0, 25 °C)
(Covestro,
Germany)
Commercial 180 NA 3.5 M NaCl 30 at% Ru Supplementary
DSA, (pH 3.0, 80 °C) Ref. >
RuO_3Tio‘702/Ti
(Covestro,
Germany)
Mesoporous 140%* NA 4.0 M NaCl 7.5wt% Ru  Supplementary
Ru-Ir/TiO, (pH3.0,25°C) 7.5 wt% Ir Ref. ©
RuTiO,/SbSnO, 110 NA 5.0 M NaCl NA Supplementary
(pH 2.0, 25 °C) Ref. ’

* denotes the value of overpotential without considering iR compensation. CER operation conditions
include CI™ concentration, pH value, and temperature.
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Supplementary Table 4 | Charge transfer resistances (R.) of Pti/CNT_X catalysts
determined by the EIS fitting. The error indicates the standard deviation from the
corresponding fitting results based on three independent measurements.

Catalysts

Rt ()

Pti//CNT_mix
Pti//CNT_500
Pti/CNT_600

Pt/CNT_700

Pt;/CNT_800

4459 +2.7

119.3+0.9

21.3+0.6

14.8+04

13.3+£0.5
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Supplementary Table 5| Adsorption free energies (AG’s) of OH", O, and OOH" on Pt—Nj
sites (i.e., PtN4Ci2, PtN4Ci0, and PtN2+,C4+4) and thermodynamic overpotentials for OER
at zero overpotential (77rpoEr)) at the overpotential (770er) of 0 and 0.13 V.

Sites AGon+ (eV) AGo+(eV)  AGoon: (eV) nrpoER) (V) 7DOER) (V)
(@noer =0.13 V)

PtN4Ci> 2.45 4.35 5.31 1.22 1.09

PtN4Cio 2.10 4.12 5.07 0.87 0.74

PtN2+2C414  0.82 1.97 3.95 0.75 0.62
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Supplementary Note 1 | Calculation details and model systems (PtN4Ci2, PtN4Cio,
PtN2+2C4+4, and PtO; (110)).

Spin-polarised density functional theory (DFT) calculations were performed using the DMol?
program®’. The exchange-correlation energy was described by the generalised gradient
approximation with the Perdew-Burke-Ernzerhof (GGA-PBE) functional'’. The semi-empirical
Tkatchenko-Scheffler (TS) approach!! was applied to correct the van der Waals interactions.
DFT semi-core pseudopotentials'?> were used for the core treatment. The double numerical
polarisation (DNP) 4.4 level was employed as the basis set with an orbital cut-off of 4.5 A. The
implicit water environment was applied by the conductor-like screening model (COSMO)"3
using the dielectric constant of 78.54. For geometry optimisation, the convergence criteria were
set to 1.0x107 for energy, 0.002 Ha A™' for maximum force, and 0.005 A for maximum
displacement. For PtO2 (110) surface, the Brillouin zone was sampled by the Monkhorst-Pack
scheme'* using 2x2x1 k-points where the dipole slab correction was applied. The self-
consistent field tolerance for single-point energy calculation was set to 1.0x107® Ha with the
thermal smearing parameter of 0.005 Ha.

Three molecular species (i.e., PtN4Ci2, PtN4Cio, and PtN2+2C4+4) were chosen as the possible
structural configurations of the Pt—Njs sites (Fig. 4a). For the PtO2 (110) surface model, a
distorted rutile phase (referred to as B-PtO2), which are predicted to be the most stable!’, was
used for our study. First, the unit cell of B-PtO2 was fully relaxed by DFT calculations (i.e., a =
458 A, b=4.61 A, and c = 3.20 A), where the lattice parameters were well matched with the
experimental values'®. Subsequently, a 2x1 supercell of PtO2 (110) surface slab was modelled
with nine atomic layers (3 O—Pt—O repeat units), where the bottom two layers were fixed to
represent the bulk region (i.e., 6.41 A x 6.49 A x 27.1 A). On top of the surface, four possible
adsorption sites were present, including two coordinatively unsaturated (cus) sites and two
bridging O sites. Following the previous studies for CER!7, we considered the possible
adsorbates (i.e., CIO", CI", H", OOH", O, and OH") and their relevant combinations for Pt—N4
sites and PtO2 (110) surface (Supplementary Figs. 24 and 29).
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Supplementary Note 2 | Construction of Pourbaix diagrams of model systems.

The Pourbaix diagram represents the thermodynamically stable surface structures in
electrochemical systems as a function of pH and electrode potential (U). Note that the detailed
description about the Pourbaix diagram is reported elsewhere!'®2°, In this study, we constructed
the Pourbaix diagrams for Pt—Nua sites and PtO2 (110) surface by calculating the adsorption free
energies for all plausible adsorbates (i.e., H, O, OH", OOH", CI", ClO", and ClO:", see
Supplementary Figs. 24 and 29). Note that * denotes the adsorbed states on the surface. A
generalised description for the adsorbates (denoted as O»H»Clk) on the site (denoted as S) can
be written as

S* + mH,0 + k(Cl” — ™) = 5-0,,H,Cl," + (2m — n)(H* + ™) (1)

By rewriting equation (1), each reaction can be represented as follows.

S*=S-H — (H* +e7) (m=0,n=1, k=0) (2)
S*+H,0=28-0"+2(H*+e)  (m=1n=0, k=0 (3)
S*+H,0=2S-OH + (H*+e”) (m=1n=1k=0) (4)

S* 4+ 2H,0 = S-OOH" + 3(H" + e7) (m=2,n=1, k=0) (5)

S*+ (CI" —e™) = S-CI' (m=0,n=0k=1) (6)

S*+H,0+ (CI" —e™) = S5-ClIO" + 2(H* +e7) (m=1,n=0 k=1 (7)

S$*+2H,0+ (CI” —e™) = S-ClO," + 4(HY +e7) (m=2n=0k=1) (8)

where S” denotes the bare site without adsorbates. Then, the adsorption free energy (AG) for
OnHxClk species can be defined as follows.

AG = GS-OmHnC1k* + (2m —n)(Gy+ + Ge-) — k(Ge~ — Ge-) — Gs= — mGHZO )]

where m, n, and k denote the number of oxygen, hydrogen, and chlorine atoms, respectively.
From DFT calculation, the AG for each adsorbate species can be calculated as follows.

AG = AE + AZPE — TAS (10)

where AE is the binding energy for each adsorbate, AZPFE is the change in zero-point vibrational
enthalpy, and —TAS is the entropic correction at room temperature.
By rewriting equation (9), the AG for each species can be represented as follows.

AGyr = G — (Gy+ + Ge-) — G+ (m=0,n=1, k=0) (11)
AGo- = Gs.0* + 2(Gy+ + Ge-) — Gs- — Gh,o0 (m=1n=0 k=0) (12)
AGOH* = GS—OH* + (GH"' + Ge—) - GS* - GHZO (m =1, n=1 k= 0) (13)

AGOOH* = GS—OOH* + B(GH"' + Ge—) - GS* — ZGHZO m=2,n=1,k=0) (14)
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AGey = Ggop — (Goim — Ge-) — G+ (m=0,n=0,k=1) (15)
AGeior = Gs.cior + 2(Gy+ + Ge-) — (Gom — Ge-) — Gs+ — G0 (m=1,n=0,k=1 (16)
AGeio,* = Gs.cio,* +4(Gy+ + Ge=) — (Goi~ — Ge-) — Gs» — 2Gy,0 (m=2,n=0, k=1) (17)

Herein, Gy+ + G- and G¢- — Ge- 1s defined as a function of Uskg, pH, and (n ac-.

Gy + Ge- =5 Gy, — Usyg — In10 - kgT - pH (18)

1

GCI_ - Ge— = EGCIZ + USHE —1.36+1n ac;— kBT (19)
where Usue, ks, and T denote the electrode potential (vs. theoretical standard hydrogen
electrode, SHE), Boltzmann constant, and temperature, respectively. Considering that the C1™
concentration is nearly constant under reaction condition by using NaClOs as a buffer solution,

In ac- was assumed to be negligible for our calculation'”.
At finite Usne and pH, the AG can be expressed as

1
AG(U, pH) = Go.oppycry” + (2m = 1) (3 Gy, — Usi — In 10 - kg T - pH)
1
—k (3 Gy, + Usiz — 1.36) — Gs» — mGyy,o (20)

By rewriting equation (20), the AG for each species as a function of Usue and pH can be defined
as follows at standard conditions (7'= 298 K).

1
AGy: (U, pH) = Gy — (3 Gy, — Us — In 10 kpT - pH) — G-
= AGy + Uy + 0.059 - pH 21)

1
AGor (U, pH) = G5 + 2 (5 Gy, — Usup — In10 - kpT - pH) — Gg+ — G0

1
AGow (U, pH) = Gs.opr + (3 Gy, — Usiip — In10 - kT - pH) — G- — G0

1
AGOOH*(U, pH) = GS-OOH* +3 (5 GHZ - USHE —In10- kBT ' pH) - Gs* - ZGHZO
= AGOOH* - 3USHE —0.177 - pH (24)

1
AGep (U, pH) = G — (5 Ger, + Ushg — 1-36) — G-
= AGCI* - USHE + 136 (25)

1
AGCIO*(U' pH) = GS-CIO* + 2 (E GHZ - USHE —In10- kBT ' pH)

1
- (E Ger, + Ushg — 1.36) — Gg+ — Gy,o

= AGgor — 3Usys + 1.36 — 0.118 - pH (26)

1
AGC]OZ*(U' pH) = GS-C]OZ* + 4 (E GH2 - USHE —In10- kBT ' pH)
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1
- (E Ger, + Ushp — 1.36) — Gg+ — 2Gy,0

= AGgyo,” — 5Usyp + 1.36 — 0.236 - pH (27)

In this study, AG’s for all species as a function of Usue were initially found to determine the
phase boundaries at pH = 0 (Supplementary Figs. 25 and 30). Subsequently, by applying the
effect of pH to the AG’s, the Pourbaix diagrams for the Pt—Na sites and PtO2 (110) surface were
finally constructed (Supplementary Figs. 26, 27, and 31).
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Supplementary Note 3 | Free energy diagram of model systems for CER and OER.

To theoretically investigate the CER activity, we calculated the free energy diagrams for the
CER in the Pt—Ns sites and PtO2 (110) surface (Fig. 4¢). To accomplish this, two possible
reaction mechanisms including different intermediates (i.e., C1" or CIO") were considered.

1)) Pathway mediated by the CI” species
S*+Cl (aq) = S-ClI" + e~ (28)
S-CI' + Cl™(aq) = S* + Cly(g) + e" (29)
(Il)  Pathway mediated by the CIO" species
S-0" + Cl™(aq) = S-CIO* + e~ (30)
S-ClIO*" + Cl" (aq) = S-O" + Cl,(g9) + e~ (31)

where (aq) and (g) represent the aqueous and gaseous phases, respectively.
The AE’s for each reaction intermediate were calculated relative to the Cl2 gas molecule as
follows.

AECI* = ES—CI* - ES* - O.SEClZ (32)
AEcior = Es.cior — Es» — 0.5E¢;, — (En,0 — Eny) (33)

Using equations (10), (12), (15), and (16), AGcr+, AGcio+, and AGo* can be calculated. Then,
the thermodynamic overpotential for CER at zero overpotential (77rpcer)) can be defined as
follows.

()  For * and CI” species

|AG .+ (34)

TD(CER) =

(I)  For * and ClO" species
|AGC10* —AGO*|

e

NTD(CER) = (35)

To investigate the thermodynamic overpotential for OER at the zero overpotential (77rp0ER)) of
Pt—Na sites, we assumed the conventional four-electron pathway for the OER as follows.

S*+ H,0(l) = S-OH" + (H* + e7) (36)
S-OH" = S-0"+ (H" +e7) (37)

S-0* 4+ H,0(l) = S-O0OH" + (H* 4+ e7) (38)
S-OOH* = §* + 0,(g) + (H* + &) (39)

where (/) indicates the liquid phase. The AE’s for each reaction intermediate were calculated
relative to H20 and H2 molecules as follows.
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AEoy = Esonr — Es+ — (Ey,0 — 0.5Ey,) (40)
AEg+ = Eg. o+ — Eg» — (EHZO - EHZ) (41)
AEoon = Es.oon* — Es+ — (2En,0 — 1.5Ey,) (42)

where Es-on*, Es-o*, and Es-oon+ are the total energies of adsorbed state of the Pt—Na sites (i.e.,
OH", 0", and OOH’, respectively); Es+is the total energy of bare state of the Pt—Nj sites; En,o
and Ey, are the total energies of isolated water molecules and hydrogen gas, respectively.

The reaction free energy of equations (43—46) (AG1, AG2, AG3, AG4) for OER can be calculated
as follows.

AG; = MGy (43)
AG, = AGoy — AG oy (44)
AG; = AGoop+ — MG (45)
AG, = 4.92 — AGooyr (46)

Finally, 77rp(0ER) can be defined by

max [AGl,AGz,AG3,AG4]
e

TD(OER) = — Ueq [V] (47)

where Ueq indicates the equilibrium potential for OER (i.e., 1.23 V vs. SHE).
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Supplementary Note 4 | Stability against Pt dissolution for Pt—Nj sites.

The extent of dissolution of Pt from Pt—Ns sites relative to that from Pt(111) surface
(Supplementary Fig. 32) could be gauged with the electrode potential shift (AU) for reaction
Pt — Pt>" + 2e", by following the previous reports*'?2. The AU is defined by

AU = —[upe-Ng —HPr(111)] 48)

2e

where ppry, and ppgi11y are the chemical potentials of Pt atoms on the Pt-Na sites and

Pt(111) surface, respectively. Note that the dissolutions of Pt atoms are assumed to only occur
on the outermost layer of the surface. Assuming the reference state as Pt bulk state, the pp.y,

and ppy111) were calculated as follows.
UpeN, = Epen, = Epttree — Ept-bulk (49)
Upeci11) = Epta11) — Eptleached — Ept-bulk (50)

where Epen,> Eptfrees Ept-bulks Ept(111)> a0 Epjeached Tepresent the DFT-optimised energies

of Pt—Ny sites, Pt—N4 sites where the Pt atom is not included, a Pt atom in the bulk unit cell,
perfect Pt(111) surface, and Pt(111) surface where a single Pt atom on the outermost surface is
leached, respectively.
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Supplementary Note 5 | Full free energy diagram for CER over Pt;/CNT.

By combining the experimental data for the kinetics and theoretical data for thermodynamics,
a full free energy diagram along the reaction coordinate of CER over Pti//CNT was constructed.
Details regarding the definition and derivation of this approach are fully given in the earlier
works by Exner and co-workers®>**. Within the Butler-Volmer formalism, the Tafel slope, b,
is defined by the following equation.
kpT-In(10)

b= e (Y+7rdsi) )
where ks is the Boltzmann’s constant, 7 is the temperature, e is the elementary charge, yis the
integer number of transferred electrons before the rate-determining step (rds), rws is 0 for
chemical (i.e., no charge transfer) and 1 for electrochemical step, and o is the transfer
coefficient of the considered reaction step k. With increased overpotential for the CER (7cer),
the experimental Tafel plot revealed two linear Tafel regions with b of 38 mV dec.”! (30 mV <
ncer <70 mV) and 79 mV dec.”! (75 mV < meer <102 mV) (Supplementary Fig. 34). At
room temperature, the respective y, rrds, and ax for each Tafel region were determined as y= 0,
rds = 1, a1 = 0.83 (for first region, k= 1) and y=1, ras = 1, a2 = 0.58 (for second region, k =
2). The overall current density () can be expressed as a function of 77cEr.

) KpT-2el;s Gl .
108(] (UCER)) = 108( . he t) - kBT.hf(lO) + UZER = log(jo) + % (52)

where £ is the Plank’s constant, /et is the number of active sites per area, G*ws is the free energy
of transition state (TS) at the rds, and jo is the exchange current density. The value of 7act was
obtained from the equation (53).

[iee = m X Ny (53)

where m is the molar number of Pt-catalyst loaded on the electrode (i.e., 14.00 nmol cm? for
Pti/CNT) and N4 is the Avogadro’s number (6.022 x 10?). From the log(jo), we can determine
the G¥ras as follows.

Glas = ksT - In(10) (log (B2 — log(jp) ) (54)

The G’ws’s were determined as 0.75 (for first TS) and 0.80 eV (for second TS) in the Pti/CNT.
When the 7cer is applied (7cer > 0), the free energies of each state are affected by the number
of transferred electrons, z (i.e., z= 0, 1, and 2 for initial state (IS), intermediate state (IM), and
final state (FS)) and o (i.e., a1 = 0.83 for first TS, and (1+e2) = 1.58 for second TS,
respectively). Resultingly, with increasing 7cer, the free energies for the first TS, IM, second
TS, and FS along the reaction coordinate of CER over Pti//CNT were lowered by 0.83-e rjcer,
1-e'ncer, 1.58-e- ncer, and 2-e- 7cer, respectively (Fig. 4d).

The TS free energies of step #i (Gy,(cgr)) showed that with increasing 7cer, the rds was
switched from the first TS (Heyrovsky step, i = 1) to the second TS (Volmer step, i = 2) due to
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the larger decrease in free energies by 7cer in the Volmer step (indicated by the slope,
dGy,(ncer) dnggr, in the Supplementary Fig. 35a). Additionally, the absolute value of free
energy for the IM (JAG(7cer)|) showed that it reached the thermoneutral state at the point where

ncer 1s equal to the thermodynamic overpotential of CER (i.e., 77rpcer) = 0.09 V for PtN4Ci2
species, Supplementary Fig. 35b).
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