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S1. Thermogravimetric analysis of graphene (G), F1s6CuPc, F16CuPc/G and Cu SA-NFG

120
—_C
—F416CuPc

x 100 ——Cu SA-NFG

=

K=

4]

2

80
200 400 600 800

Temperature/ °C

Fig. S1. TGA curves of G, F1sCuPc, F1CuPc/G and Cu SA-NFG.

In Fig. S1, about 10% weight loss of G within 168 <C is due to the release of adsorbed species in the
material, and about 6 and 14% weight loss of F1sCuPc in the two respective ranges of 175 — 280 and 425 —
600 <T are attributed to the thermal decomposition of the phthalocyanine ring of F1CuPc [1]. However, the
decomposition temperature of F1sCuPc/G increases to 390 <C, indicating that the functionalization of
F16CuPc with G helps to improve its thermal stability [2]. The mass loss trend of F16CuPc/G after 390 T is
similar to that of FisCuPc, which is ascribed to the breakdown of the functionalization between
phthalocyanine molecules and G. In addition, about 10% weight loss below 170 <C is attributed to the
release of adsorbed substances in Cu SA-NFG [3], and no obvious weight loss occurred afterwards. At
800 <TC, the weight percentage of G, F1sCuPc, F1sCuPc/G, and Cu SA-NFG samples are 87.3, 71.1, 72.2,

and 83.5%, respectively, proving the highly thermal stability of Cu SA-NFG.
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S2. Cu K-edge EXAFS fitting results

Table S1. Cu K-edge EXAFS fitting results. [

Sample Path N R (A) 02 (<1073 A?) AEq (eV) R factor

1 Cu-N 3.95 1.96 1.65 -0.221 0.0094

[a]: k range: 2-11.0 (A™1); R range: 1-2 A; S¢? = 0.8788 was determined from the Cu foil and used for Cu

K-edge fitting.

S3. Comparison of XPS peak position for the prepared materials
Table S2 Peak position summary of high-resolution Cu 2p, F 1s XPS spectra for Cu SA-NFG, CuNG, and

Pt/Cu SA-NFG materials.

Fls/eV Cu2p/eV

Material Cu* Cu?*

Semi-ionic C-F-

Cu* 2par2 Cu*2p12 Cu?* 2psp2 Cu?* 2p1s2

Cu SA-NFG 689.90 932.50 952.30 934.90 954.80
CuNG — 932.30 952.11 934.70 954.60
Pt/Cu SA-NFG 689.50 932.67 952.47 935.08 954.98
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S4. High resolution XPS spectra of CUNG and NG
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Fig. S2. (a, b) Cu 2P and N 1s XPS spectra of CUNG, (c) N 1s XPS spectrum of NG.

S5. N2 adsorption-desorption isotherms and pore size distributions (insets) of Cu

SA-NFG, CuNG and NG
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Fig. S3. N2 adsorption-desorption isotherms of Cu SA-NFG, CuNG and NG.
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S6. The LSV curves of CUNG before and after 10000 CV cycles
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Fig. S4. The LSV curves of ORR on the CuNG before and after 10000 CV cycles.

S7. TEM and HAADF-STEM analysis of Cu SA-NFG after 10000 CV tests

Cu

Fig. S5. TEM images (a, b), HAADF-STEM image (c) and the corresponding elemental mappings of C, N,

F and Cu (d-g) of Cu SA-NFG after 10000 CV cycles.
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S8. Anti-poisoning tests of Cu SA-NFG and Pt/C
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Fig. S6. Anti-poisoning tests of Cu SA-NFG (a) and Pt/C (b).

S9. Computational model and data processing

Fig. S7. Schematic diagram of model a and b.

The calculated models are presented in Fig. S7, in order to distinguish different elements, gray atoms
represent C atoms, blue atoms represent N atoms, light blue atoms represent F atoms, and orange atoms
represent Cu atoms. At acidic environment, the ORR proceeds in four electron steps and can be written as
follows:

*+02+H0+e — *OOH + OH~ (Sy)

*OOH + e~ — *O + OH" (S2)
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*O0+HO+e — *OH + OH- (S3)
*OH+e — *+0H (S4)
where * represents an active site on the catalyst surface, and OH*, O* and OOH* denote the

corresponding adsorbed intermediates.

We can obtain the Gibbs free energy of each elementary step by using the computational hydrogen
electrode (CHE) model proposed by Nerskov. According to this model, the free energy change (AG) is

calculated as follows:

AG = AE + AEzpe —TAS + AGpn + eU (85)

Among them, AE is the adsorption energy of each reaction intermediate, which can be calculated by
DFT. AEzpe is the change of the zero-point energy and AS is the entropy change before and after the
reaction (T=298.15 K). AGpn is the free energy correction with respect to the H concentration in solution,
e.g., AGpr = keT In10 < pH, where kg is Boltzmann's constant. In this work, the value of the pH was set to
13 to simulate a strong alkalinity environment e and U are the number of transferred electrons and the
applied electrode potential, respectively. Then, at standard conditions, the free energy change for all ORR

electrochemical steps (AG1-4) can be expressed as:

AG1=AG+ooH — 1.84 (S6)
AG2= AG+o — AGo0H (S7)
AG3= AG+on — AGro (S8)
AGa= AGrom (S9)

It should be noted that we investigated the electrochemical processes employing the established
computational hydrogen electrode (CHE) model. The theoretical basis for the validity of the CHE model is
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that electrochemical reactions that happened in the solution normally possess small kinetic barriers, which
are surmountable at room temperature. The reaction Kinetics will thus be dictated by merely the free energy
difference of each step. The step with the most positive free energy difference is the rate-determining step.
Therefore, the theoretical overpotential 1 is defined in equation (S10):

T]Theory = 046 V — mln{AGl, AGZ, AGS, AG4}/e (SlO)
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S10. TEM, HRTEM and HAADF-STEM images of Pt/Cu SA-NFG, Pt/CuNG and

Pt/NG

Fig. S8. TEM, HRTEM images of Pt/CuNG (a-c), Pt/NG (d-f) and Pt/Cu SA-NFG (g-i); HAADF-STEM

image (j) and elemental mappings (k-0) of Pt/Cu SA-NFG.
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As shown in Fig. S8a-c, only the strip-shape of Pt nanoparticles are seen on the CuNG surface, and no
obvious network structure is formed. Similarly, the approximately spherical Pt nanoparticles are dispersed
on the NG surface (Fig. S8d-f). Interestingly, a special nanonetwork-shape of Pt nanoparticles is uniformly
and densely interwoven on the surface of Cu SA-NFG (Fig. S8g-i). The HAADF-STEM of Pt/Cu SA-NFG
images further show that the elemental singles of Pt, Cu, N and F are uniformly distributed in the whole
region of Pt/Cu SA-NFG nanohybrid (Fig. S8j-0). This indicates that G co-doped with Cu and F plays an

important role in the formation of reticular Pt nanoparticles.

S11. High resolution XPS spectra of Pt/Cu SA-NFG and Pt/CuNG
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Fig. S9. F 1s (a) and Cu 2p (b) spectra of Pt/Cu SA-NFG; (c) Cu 2p spectrum of Pt/CuNG.

The peak of F in Pt/Cu SA-NFG (689.50 eV, Fig. S9a) has a significant negative shift about 0.4 eV
compared with that of Cu SA-NFG (689.90 eV, Fig. 3e inset). This can be due to the electronic transfer
from Pt to F. Similarly, the peak of Cu?*in Pt/Cu SA-NFG (935.08 eV, Fig. S9b) has a significant positive
shift about 0.19 eV compared with that of Pt/CuNG (934.89 eV, Fig. S9c). All the results of XPS suggest

the strong interaction between the Pt nanoparticles and substrate of Cu SA-NFG.

S11



S12. Comparison of electrocatalytic properties of different catalysts for the ORR

Table S3 Performance comparison of non-noble SACs for the ORR in 0.1 M KOH electrolyte

Catalyst Eonset (V Vs Eu (V vs Lin_wited current Reference
RHE) RHE) density (mA cm2)

Fe-COFano 0.86 0.82 5.49 [4]
FeSA-FeNC@NSC — 0.90 — [5]
Fe-NHC 0.94 0.89 — [6]
FeNi-DSAs/PNCH 1.04 0.89 5.3 [7]
NisaFesa-Ni@Fenps/ CNTs-NGNS 0.92 0.87 — [8]
Ni-N4/GHSs/Fe-N. 0.93 0.83 — [9]
Ni SAs-NC 0.95 0.85 5.19 [10]
NiNs-C 0.97 0.86 5.65 [11]
Co-N/C+Ng 1.04 0.91 — [12]
Co-NCS-2 0.96 0.90 5.34 [13]
Co SA/N-CNS-900 1.004 0.872 — [14]
N-Mo-holey G 0.99 0.85 - [15]

Cu SA-NFG 0.978 0.89 5.93 This work
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