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Supplementary methods

XAS data analysis: Pt foil, PtO,, Co foil and CoO were used as standard samples to evaluate the coordination
environment and chemical state of Pt Ls-edge and Co K-edge of PtCo@CoNC samples. According to the
energy correction of Pt foil and Co foil, the signals of Pt L3-edge and Co K-edge were optimized using the
Athena program in the IFEFFIT software package,! and then Eq was determined based on the highest value of
the first derivative of XANES. Through the corrected XANES white line peak position, the chemical valence
range of Pt and Co in PtCo@CoNC/NTG could be determined. For EXAFS analysis, the k space range (2.0-
12.0 A1) was selected for Fourier transform (FT) to obtain R space, where the k-weight was 2. The first shell
of R space was selected for inverse Fourier transform to obtain g space, involving Pt Ls-edge of Pt foil (1.1-
3.1 A), PtCo@CoNC/NTG (1.0-3.0 A), PtO; (1.1-2.1 A), and Co K-edge of Co foil (1.0-3.0 A),
PtCo@CoNC/NTG (1.0-3.3 A) and CoO (1.1-2.8 A). In the subsequent EXAFS fitting, the value range of k
and R space was the same as the selection inthe abovementioned FT and inverse Fourier transform. According
to the set coordination number of Pt foil (12) and Co foil (12), the amplitude reduction factor So? of Pt Ls-
edge and Co K-edge was obtained by fitting the Artemis program. After EXAFS fitting, the detailed fitting
information of PtCo@CoNC/NTG could be recorded, including the coordination number, bonding length,
Debye-Waller factor, and energy shift., etc. More EXAFS fitting information is shown in Supplementary

Table 1 and Table 2.

DFT calculation details: Density-functional theory (DFT) containing spin polarization was implemented in
the Vienna ab initio simulation package (VASP).2 The core-electron interactions were described by the
projector-augmented wave (PAW) method. The exchange-correlation interaction was represented by the
Generalized gradient approximation with Perdew, Bruke and Ernzerhof (PAW-PBE).3 The plane wave function
with cut-off energies of 600 and 400 eV was used for bulk geometry and slab optimizations, respectively.

Face-centered cubic structures of metallic Pt and PtCo were used as bulk models. A vacuum thickness of 15
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A was added perpendicular to the surface to avoid the image force between the periodic slab. The convergence
criteria of energy and force were setto 1 x 10~ eV and -0.02 eV-A"! in all calculation processes, respectively.
A k-point sampling 5 X 9 x 1 based on Gamma-centred Monkhorst-Pack was conducted for Pt-111 geometry
calculation and slab structure relaxations. A four-layer slab model with a supercell (2 x 2) was built by cleaving
the (111) facet of metallic Pt. The adsorption energy was calculated according to the formula AE,4s (O*)
=FEqab+0 (OF) - Eglap - 1/2E (O7), where Egap+o (0O*), Egab, and E (O;) represent the total energy of O adsorption
on the slab, the total energy of the pure slab and the total energy of the oxygen molecules in the gas phase,
respectively.* The Gibbs free energy of the intermediate at 300 K and 1 atm was calculated by AG = AEps +
AZPE — TAS, where AE,,s, AZPE, and AS are the adsorption energy, zero-point energy change and entropy

change of the adsorption of intermediates, respectively.
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Supplementary Fig. 1 Synthetic illustration of PtCo@CoNC/NTG.
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Supplementary Fig. 2 SEM images of (a) rGO, (b) Pt/rGO, (c) Pt@ZIF-67/rGO, and (d) PtCo@CoNC/NTG.
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CoNC

Supplementary Fig. 3 The models and corresponding SEM images of (a) PtCo@CoNC, (b)

PtCo@CoNC/CNT, (c¢) PtCo@CoNC/rGO and (d) PtCo@CoNC/NTG.
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Supplementary Fig. 4 (a,b) HRTEM and (c, d) AC-STEM images of PtCo@CoNC/NTG.
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Supplementary Fig. 5 EELS analysis of the elemental composition for the little bright spots.

S8/S32



Intensity (a.u.)

0 5 10 15 20 25
Distance (nm)

Supplementary Fig. 6 Line scan profile of PtCo particles in PtCo@CoNC/NTG.
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Supplementary Fig. 7 TEM, HRTEM and AC-STEM images of (a) PtCo@CoNC, (b) PtCo@CoNC/CNT,

(c) PtCo@CoNC/rGO and (d) PtCo@CoNC/NTG.
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Supplementary Fig. 8 STEM images and corresponding EDS mapping of (a) PtCo@CoNC, (b)

PtCo@CoNC/CNT, (c¢) PtCo@CoNC/rGO and (d) PtCo@CoNC/NTG.
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Supplementary Fig. 9 XRD patterns of PtCo@CoNC/NTG and commercial Pt/C.
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Supplementary Fig. 10 Raman spectra of different PtCo@CoNC samples.
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Supplementary Fig. 11 (a) N, adsorption and desorption curves and (b) pore width distribution of different

PtCo@CoNC samples.
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Supplementary Fig. 12 (a) XPS survey, (b) C 1 s signal of PtCo@CoNC/NTG.
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Supplementary Fig. 13 (a) Pt 4f, (b) C 1 s spectra of PtCo@CoNC/NTG and Pt/C.
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Supplementary Fig. 14 k, R space and inverse FT-EXAFS fitting results of Pt Ls;-edge for (a-c) Pt foil (FT

range: 2.0-12.0 A'!; fitting range: 1.1-3.1 A), (d-f) PtCo@CoNC/NTG (FT range: 2.0-12.0 A*'; fitting range:
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1.0-3.0 A), and (g-1) PtO, (FT range: 2.0-12.0 A’!; fittingrange: 1.1-2.1 A).
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Supplementary Fig. 15 k, R space and inverse FT-EXAFS fitting results of Co K-edge for (a-c) Co foil (FT
range: 2.0-12.0 A’!; fittingrange: 1.0-3.0 A), (d-e) PtCo@CoNC/NTG (FT range: 2.0-12.3 A”'; fitting range:

1.0-3.3 A), and (g-1) CoO (FT range: 2.0-12.0 A’!; fittingrange: 1.1-2.8 A).
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Supplementary Fig. 16 (a) Pt Ls-edge XANES, (b) k space, (c) R space, and (d) inverse FT-EXAFS for

PtCo@CoNC hybrids (k-weight = 2; k range = 2.0-12.0 A").
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Supplementary Fig. 17 (a) Co K-edge XANES, (b) k space, (c) R space, and (d) inverse FT-EXAFS for
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PtCo@CoNC hybrids (k-weight = 2; k range = 2.0-12.0 A").
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Supplementary Fig. 18 TEM images of (a, b) PtCo@CoNC/NTG and (c, d) commercial Pt/C before and after

ADTs.
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Supplementary Fig. 19 (a, b) GDE evaluation (electrode area: 0.502 cm?) and (c, d) single hydrogen-air fuel

cell configurations (electrode area: 4.0 cm?).
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Supplementary Fig. 20 (a) Multilevel electrocatalytic ORR evaluations. ORR polarization curves evaluated

by (b) RDE and GDE and (c) MEA for the PtCo@CoNC/NTG catalyst.
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Supplementary Fig. 21 ORR adsorption models of PtCo and Co-N-C for DFT calculations.
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Supplementary Fig. 22 ORR performance evaluated by (a) RDE and (b) MEA for the Co-N-C catalyst.
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Supplementary Fig. 23 (a) Number of electrons transferred, and (b) H,O, yield by RRDE evaluation for

PtCo@CoNC/NTG, Co-N-C and Pt/C catalysts.
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Supplementary Table 1. Structural parameters of Pt foil, PtCo@CoNC/NTG, and PtO; extracted from the

EXAFS fitting (Se?= 0.73).

R-
Sample Bond CN R/A AE, /eV ¢’/A?
factor
Pt foil Pt-Pt 12% 2.762+0.003 | 7.242+0.477 | 0.00400.0003 0.004
Pt-Pt 3.74+1.48 | 2.691+0.010 0.0048 +0.0021
PtCo@CoNC/ 5.267 +0.864 0.003
NTG Pt-Co 5.924+0.70 | 2.578=0.005 0.0057 +0.0008
PtO, Pt-O 4844068 | 2.018+0.011 | 12.668%1.587 | 0.0002=0.0015 0.016

Note: So? is the amplitude reduction factor (obtained by the fitting of Pt foil); CN is the coordination number;

R isinteratomic distance (the bond length between Pt central atoms and surrounding coordination atoms); AEq

is energy shift; o2 is Debye-Waller factor (a measure of thermal and static disorder in absorber-scatterer

distances); R-factor is used to value the goodness of the fitting; * the experimental EXAFS fit of metal foil by

fixing CN as the known crystallographic value.

For the Pt L;-edge of PtCo@CoNC/NTG, the data ranges were 2.0 <k <12.0 A" and 1.0 <R < 3.0 A.

The number of variable parameters was 7 out of a total of 12.44 independent points. The Pt-Pt is based on the

crystal structure of PtCo.
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Supplementary Table 2. Structural parameters of Co foil, PtCo@CoNC/NTG, and CoO extracted from the

EXAFS fitting (Se?= 0.84).

R-
Sample Bond CN R/A AE, /eV ¢*/A?
factor
Co foil Co-Co 12% 2.489+0.003 6.296 £0.493 | 0.0068 0.0004 0.004
Co-Co 5.25+0.71 2.498 =0.007 0.0062 =0.0010
Ptcolg?r(é)NC/ Co-N 0.77x£0.52 2.003x0.044 7.706 £1.343 | 0.0069 %0.0126 0.009
Co-Pt 1.80+1.39 2.813x0.047 0.0121 +£0.0085
Co-O 4,76 +£0.95 2.11940.016 0.0080 +0.0034
CoO 1.356+1.164 0.010
Co-Co 14.90 +2.80 3.033+0.011 0.0101 +0.0018

Note: So? is the amplitude reduction factor (obtained by the fitting of Co foil); CN is the coordination number;

R is interatomic distance (the bond length between Co central atoms and surrounding coordination atoms);

ARy is energy shift; 62 is Debye-Waller factor (a measure of thermal and static disorder in absorber-scatterer

distances); R-factor is used to value the goodness of the fitting; * the experimental EXAFS fit of metal foil by

fixing CN as the known crystallographic value.

For Co K-edge of PtCo@CoNC/NTG, the data range was 2.0 <k < 12.3 A" and 1.0 <R < 3.3 A. The

number of variable parameters was 10 out of 14.81 independent points. The distances of Co-N and CoPt are

based on the crystal structures of CoN and PtCo.
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Supplementary Table 3. Electrochemical evaluations of commercial Pt/C and different PtCo@CoNC catalysts.

RDE GDE MEA
Pt mass

Catalyst ratio Pt Half-wave Mass . Current Mass Anode Cathode Current Power
. . .. Pt loading . .. . . . .

(Wt%) | loading  potential activityo.o (mgeccm?) densityos activityos loading loading densityos density

(ug cm?) V) (A mget?) o (mAcm2) (Amgett)| (mgetcm?) (mgptcm-?) (Acm?) (mWcm?)

Pt/C 40.0 | 204 0.87 0.13 0.04 30.2 0.75 0.1 0.2 1.21 780
PtCo@CoNC 3.2 8.1 0.86 0.25 0.02 9.4 0.47 0.1 0.1 0.84 680
PtCo@CoNC/CNT 2.9 7.4 0.88 0.42 0.02 16.1 0.81 0.1 0.1 1.03 820
PtCo@CoNC/rGO 2.5 6.3 0.89 0.85 0.02 17.5 0.88 0.1 0.1 1.04 850
PtCo@CoNC/NTG 4.5 11.5 0.94 1.52 0.02 389 1.95 0.1 0.1 1.50 980
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Supplementary Table 4. Comparison of our PtCo@CoNC, commercial Pt/C and some carbon-supported ORR electrocatalysts in hydrogen-air fuel cells.

Anode Pt loading Cathode Pt Currentdensityat  Power density
Catalysts . Back pressure (MPa) References
(mg cm?) loading (mg cm?) 0.6 V (mA cm??) (mW cm?)
PtCo@CoNC/NTG 0.1 0.1 1.50 980
PtCo@CoNC/rGO 0.1 0.1 1.04 850 .
This work
PtCo@CoNC/CNT 0.1 0.1 1.03 820 0.2
PtCo@CoNC 0.1 0.1 0.84 680
Pt/C 0.1 0.2 1.21 780
IM Pt/C 0.1 0.3 1.0 % 664 H,, 0.1; Air, 0.2 5
PtNi/C 0.15 0.15 0.64 490 * .
Ga-PINi/C 0.15 0.15 0.70 540 * without 6
PtNi-BNSs 0.1 0.15 1.0 700 0.2 7
PtNi-BNCs 0.1 0.15 1.5 920 ’
Pt/40Co-NC-900 N/A 0.13 1.1% 700 # H,, N/A; Air, 0.1 8
L1o-PtZn 0.1 0.104 1.3% 800 * 0.15 9
Pt-9.3@NPC latm 0.1 0.1 1.1 947 0.1 10
Pt-9.3@NPC 2atm 0.1 0.05 1.2 1071 0.2
Pt/FeN4-C 0.1 0.1 1.4 679 0.15 1
Pt;Co/FeNy-C 0.1 0.1 1.6 822 '
Coplanar Pt/C NMs 0.11 0.1 0.76 # 553 0.15 12
LP@PF1 0.35 0.033 1.45% 1000 0.2 13
LP@PF2 0.35 0.035 1.45*% 1100 '

# The data are not given, but excavated from the hydrogen-air fuel cell polarization curves.
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