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1. Experimental Section

1.1 Materials

Melamine (C3HgNg, 99%), Sulfur (S, 99%), Cobalt Phthalocyanine (Cs;H;5CoNg,
95%), Zinc Phthalocyanine (C3;H;6NgZn, 95%+), Potassium Sulfate (K,SO, 299%),
Cerium (IV) Sulfate (Ce(SQ4),, 99%+), Potassium hexacyanoferrate(lll) (KsFe(CN)g,
99%+) were purchased from Adamas Reagent Co. Ltd (Tansoole). Potassium
Hydroxide (KOH, >85%), Hydrochloric acid (HCI), N,N-Dimethylformamide (C3H;NO,
99.8%) were purchased from Chinese medicine reagent. All chemicals were used as
received without any further purification.

1.2 Materials preparation

Synthesis of S-C;N,

Firstly, a specified quantity of melamine was placed into a porcelain receptacle
and calcined in a muffle furnace at 550 °C in air for 2 h (heating rate of 2.3 °C/min),
after which it was cooled to room temperature in order to obtain the light yellow g-
C3N,. Secondly, the g-C3N, powder was subjected to ultrasonic protonation in a
solution of 6 M HCI for one hour, followed by stirring for 4 h at room temperature.
The acidic solution was then continuously washed with deionised water until the
solution was neutral, after which it was dried in an oven to obtain the protonated
layered g-C5N,. Subsequently, equal masses of protonated g-CsN, and singlet sulphur
were added to ball milling tank and ball milling for 4 h, with the objective of
obtaining a well-mixed powder. Finally, a specific quantity of the combined powder
was heated to 550 °C for 2 h under Ar atmosphere with a heating rate of 5 °C/min
calcine to obtain S-doped C;3N,.

Synthesis of Co/ZnPc-S-C3N,

Initially, 60 mg of S-C3N,4, 3 mg of CoPc, and 2 mg of ZnPc were dispersed in 40 ml,
20 ml and 20 ml of DMF, respectively, and designated as Solution A, Solution B, and
Solution C. Afterwards, solutions A, B, and C were sonicated for at least 30 min,
respectively, so as to make the added materials well dispersed in the DMF.

Subsequently, solution B and C were added to solution A and the mixture was



sonicated for at least 30 min. Finally, the sonicated mixture was stirred vigorously at
room temperature for 48 hours and washed by centrifugation with ethanol and
deionised water, and freeze-dried to obtain the Co-Zn heteronuclear diatomic
catalysts Co/ZnPc-S-C5N,.

Synthesis of CoPc-S-C3N, ~ ZnPc-S-C5N,

Two control samples, including Co SAC CoPc-S-C3N; and Zn SAC ZnPc-S-C3Ny,
were prepared by the same procedure, except that only 5 mg of CoPc was added in
the preparation of CoPc-S-C3N,;, while only 5 mg of ZnPc was added in the
preparation of ZnPc-S-C3Nj.

1.3 Materials characterization

Scanning electron microscope (SEM) images were obtained by Thermo Quattro S
field emission environmental scanning electron microscope. Transmission electron
microscopy (TEM) images were taken with a FElI Talos F200S field emission
transmission electron microscope (200 kV). The atomic information and
corresponding energy-dispersive X-ray spectrometer mapping (EDS-mapping) of
Co/ZnPc-S-C3N4 were characterized using an FEI Themis Z transmission electron
microscope operated at 200 kV and equipped with double spherical aberration (Cs)
correctors. The powder X-ray diffraction (XRD) was recorded at 4° min'! on a Rigaku
D/Max-2550 V X-ray diffractometer with a Cu Ka radiation target (40 KV, 40 mA). X-
ray photoelectron spectroscopy (XPS) was collected using a Thermo Scientific K-
Alpha XPS spectrometer. Raman spectra were performed using a LABRAM HR
Evolution (785 nm). Ultraviolet-visible (UV-Vis) absorbance spectra were measured
on a UV-1900i Spectrophotometer. The X-ray absorption spectroscopy (XAS) spectra
were recorded in the transmission mode at the BL14W1 beamline of Shanghai
Synchrotron Radiation Facility (SSRF).

1.4 O,-TPD measurements

Weigh 100 mg of the sample in a reaction tube, warm up from room

temperature to 290°C at 10°C min~! for drying pretreatment, purge with He air

flow (50 mL min~1 ) for 1 h, cool down to 50°C, add 3% O,/He mixture (50 mL

min~1) for 1 h to saturation, switch to He air flow (50 mL min=t) and purge for 1 h
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to remove the weakly adsorbed O, on the surface, and finally desorb under He

atmosphere at a warming rate of 10°C min=! to 290 °C. The surface was purged

with He gas (50 mL min~?) for 1 h to remove the weakly adsorbed O,, and then

finally desorbed at 290°C under He atmosphere with a heating rate of 10°C min1,

and the desorbed gases were detected by TCD.
1.5 Electrochemical measurements

All the electrochemical measurements were performed at room temperature
using a three-electrode system equipped with an electrochemical workstation.
Among them, the selectivity of H,0, was made on a CHI 760E electrochemical
workstation, while all the test content of the H-type were performed with the
biologic VSP-300 electrochemical workstation. A saturated Ag/AgCl electrode and a
graphite rod were used as the reference and counter electrodes, respectively. A
RRDE electrode with a glassy carbon electrode (0.2472 cm? area) and a platinum ring
electrode (0.1856 cm? area) was used as the working electrode. The catalyst ink was
prepared by dispersing 5 mg synthesized catalysts into 1950 pL of isopropanol and
50 plL 5.0 wt.% Nafion solution. Then the mixture was sonicated for at least 30 min to
get homogeneous ink. Then aspirated 5ul drop of ink on the disk electrode and
maked it dry naturally. Linear scanning voltammetry (LSV) measurements were
conducted in an O,-saturated 0.1M KOH or 0.1M K,SO, electrolyte. The measured
potentials versus Ag/AgCl were converted to the reversible hydrogen electrode (RHE)
according to the following equation:

Erne = Eag/aga + 0.0591 x pH + 0.1989 V

The linear scanning voltammetry (LSV) tests were measured with an RRDE device,
and the rotational speed and scanning rate were controlled to be 1600rpm and 10
mV s, respectively. At the same time, a constant potential was applied to the Pt ring
electrode as a means of monitoring the production of H,0, on the disk electrode.
The calculation of H,0, selectivity and electron transfer (n) number follows the

following two equations.
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Where |q is the disk current and I, is the ring current; and N is the collection
efficiency of the ring with a value of 0.33, which was determined by the [Fe(CN)g]3/4
redox couple in 0.1 M KOH electrolyte with 10 mM KzFe(CN)g (Figure S26).

1.6 Measurement of electrochemical active surface area (ECSA)

The ECSA was determined using the double-layer capacitance (Cq) method, which
involves cyclic voltammetry (CV) measurements in the region of non-Faraday
potentials. Specifically, CV curves were recorded in the region of 0.79 to 0.89 V vs
Ag/AgCl at 10, 20, 40, 60, 80 and 100 mV s scan rates. The double-layer capacitance
(Cq), which is linearly related to ECSA, was calculated by determining the slope value
of (j, - jo)/2 at 0.24 V vs Ag/AgCl versus scan rate (where j, is the anodic current
density and j. is the cathodic current density). The capacitance current density was
also plotted versus scan rate to obtain Cy,.

1.7 Turnover frequency (TOF) calculation for H,0, electrosynthesis

In our study, we used inductively coupled plasma mass spectrometry (ICP-MS) to
estimate the active site densities for Co and Zn separately. We will calculate the TOF
for the catalyst based on the number of Co and Zn active sites, following the relation:

The H,0, current density (Jy202) wWas calculated by:
Ju202 = Jaisk X FE

SY%
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where Jgisk is the disk current density, FE is the H,0, faradaic efficiency, $% is the

H,0, selectivity. The kinetic current density (Jx) was then calculated by:



Jk  Ju202 I
where Jp is the diffusion-limited current density (3.025 mA cm-2 in 0.1 M KOH).
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Where F is the faraday constant (96,485 C mol?), ny is the number of active sites.
1.8 Determination and quantitation of H,0, using UV-vis
We used the Ce(SO,), method to detect the H,0, concentration. Specifically, a
certain amount of electrolyte from the electrolytic cell after 2e-ORR was added to 5
mL of 0.4 mM Ce(SQ,), solution. After mixing well, the absorption spectrum of the
above solution was tested using a UV-visible spectrophotometer and the absorption
intensity at 320 nm was recorded. A series of standard Ce(SO,), concentrations (0.04
mM, 0.08 mM, 0.12 mM, 0.16 mM, 0.20 mM, 0.24 mM, 0.28 mM, 0.32 mM, 0.36
mM, 0.40 mM ) were measured in the same way as in the above mentioned tests to
construct a concentration-absorbance curve to accurately quantify H,0,.
1.9 Measurement of H,0, concentration

The operational yield of H,0, was carried out in a two-compartment three-
electrode H-cell system partitioned by an anion-exchange membrane. The working
electrode was prepared by drip-casting Co/ZnPc-S-C3N, ink onto 1.0 x 1.0 cm? carbon
paper with a catalyst loading of 0.2 mg cm. Ag/AgCl and carbon rods were used as
reference and counter electrodes, respectively. Then, after reacting for 10 minutes
at different potentials, the H,0,; yields tested at different potentials were quantified
by the cerium sulphate titration method using the following reactions:

2Ce** + H,0, > 2Ce3* + 2H* + O,

where yellow-colored Ce* can be reduced by H,0, to colorless Ce3*, thus the yield of

20)

H,0, (YH 2"can be calculated by the consumption of Ce** using the following

equation:

4+

I (VC a4 T Velectrolyte) xC
e
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where Ce is the volume of added Ce(SQ,),, before and sfter are the

concentration of Ce*" before and after reaction, respectively, Veleftrolyte is the

C
volume of injected electrolyte after reaction, H302

is hydrogen peroxide
concentration, V is the volume of electrolyte, t is reaction time, g is the mass of
catalyst loading. The standard concentration-absorbance curve was obtained by
linearly fitting the absorbance values at 320 nm for various known concentrations of

Ce**. The faradaic efficiency (FE) value was calculated using the following equation:

CXVXF
X— xX100%
FE (%) = (2 Q )

where F is the Faraday constant (96485 C mol?); C is the concentration of generated
H,0,; V is the volume of electrolyte (10 mL); and Q is the passed charge during the
electrolysis.

2.0 Measurement of H,0, concentration

Electrosynthesis of H,0, via ORR was carried out using a flow cell in a two-
compartment cell separated by a Nafion membrane. The formulated Co/ZnPc-S-C5N,
ink (2.5 mg mL) was sprayed onto the surface of carbon paper (actual working area:
1 x 1 cm? ) with a catalyst loading of 0.125 mg cm™? and form the cathode.
Commercially available RuO, was used as the anode, while an Ag/AgCl electrode was
used as the reference electrode. In the flow cell test, 1M KOH, 1M K,SO, and 0.1M
HCIO, were used to test the H,0, yield in different media. The electrolyte was
circulated through peristaltic pumps at the cathode and anode. Meanwhile, O, was
passed through the gas chamber connected to the cathode at a rate of 20 mL min2.
2.1 Theoretical calculation

All density functional theory (DFT) calculations in this study were conducted using
the Vienna Ab initio Simulation Package (VASP) within the framework of the
generalized gradient approximation (GGA) employing the Perdew-Burke-Ernzerhof

(PBE) functional® 2. lonic cores were described using the projected augmented wave
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(PAW) potentials, while valence electrons were treated with a plane-wave basis set
and a kinetic energy cutoff of 450 eV. Partial occupancies of Kohn-Sham orbitals
were included using Gaussian smearing with a width of 0.05 eV. Geometric and
lattice optimizations were performed with a Brillouin zone integration using 1x1x1 /-
centered k-point sampling3. The convergence criteria for self-consistent calculations
were set to an energy threshold of 10 eV, and equilibrium geometries were
optimized until the maximum atomic force was below 0.02 eV/A. To minimize
interactions between periodic images, a 15 A vacuum layer was introduced. Weak
interactions were accounted for using the DFT+D3; method with Grimme’s empirical
correction. Spin polarization was incorporated to describe the magnetic system.
Post-processing of input and output data, including charge difference analysis, was
conducted using Vaspkit. Bader charge* analysis was also performed. To address the
strong correlation effects of transition metals, structural optimizations and
electronic structure calculations employed the spin-dependent GGA+U approach,

with effective Ueff parameters were 3.32 eV for Co atom® and 6.0 eV for Zn atom®.



2. Supporting figures
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Figure S1. XRD patterns of Co/ZnPc-S-C3N4, CoPc-S-C3N,4, ZnPc-S-C5N4, S-C3N,4 and
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Figure S2. SEM images of (a) C3Nj, (b) S-C3N4, (c) Co/ZnPc-S-C5Nj,.
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Figure S3. SEM image of Co/ZnPc-S-C3N,.
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Figure S5. Fourier transform EXAFS spectra (a) and the corresponding curve-fitting

results (¢) of Co/ZnPc-S-C;3Ny. (b) Co and (d) Zn K-edge EXAFS fit about k3-
weighted k-space for Co/ZnPc-S-C;Ny.
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Figure S6. RRDE collection efficiency calibration (a) Linear sweep voltammetry curves
recorded on bare glassy carbon rotation disk electrode with Pt ring in an N,
saturated electrolyte with 0.1 M KOH+10 mM K;Fe(CN)s. Sweep rates: 20 mV/s, Eing
= 1.55 V vs.RHE. (b) Linear fits of diffusion-limited current densities recorded at
different rotational speeds on ring and disk electrodes. The experimentally
determined apparent collection efficiency (N) of 0.33 is close to the theoretical value

of 0.37.
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0.1 M KOH electrolyte.
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Figure S9. The ECSA was measured by double layer capacitance method. CV curves

of (a) S-C5N4, (b) CoPc-S-C3N,, (c) ZnPc-S-C5N, and (d) Co/ZnPc-S-C3N, obtained in the

capacitance region at scan rates of 10, 20, 40, 60, 80, and 100 mV/s in N,-saturated

0.1M KOH, (e) Material corresponding double layer capacitance.
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Figure S11. H-type cell installation diagram.
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Figure S12. SEM image of Co/ZnPc-S-C3N, after the stability testing.
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Figure S13. The onset potential at current density of 1 mA cm2 at 0.1M K,SO,4
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Figure S18. in situ Raman spectra of the 2e- ORR on (a) Co/ZnPc-S-C5N4, (b) CoPc-S-

C3N, and (c) ZnPc-S-C3N, surfaced in 0.1M KOH.
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Figure S20. Raman spectrum of CoPc.
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Supplementary Table S1: The EXAFS data fitting results of Co/ZnPc-S-C3;N,.

Samples Shell CN = R/A® o%A2¢ | AEyeVd | R-factor
Co/ZnPc-S-
Co-N 4.1 1.90 0.0013 5.0 0.0132
C3N4 (CO)
Co/ZnPc-S-
Zn-N 4.4 2.10 0.0052 1.3 0.0096

C3N4 (Zn)
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Supplementary Table S2: The concentrations and the calculated TOF of Co and Zn

in CoPc-S-C3N,4, ZnPc-S-C3N,4, and Co/ZnPc-S-C5N, samples.

Assuming that all metal centers are active sites, the TOF was obtained at a voltage of

0.3 V vs.RHE in an alkaline medium is as follows:

CoPc-5-C3N,4 ZnPc-S-C3Ny Co/ZnPc-S-C5N,
ICP Co: 0.58% Zn: 0.4% Co:0.37% Zn: 0.2%
TOF (s1) 7 6 20 40
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Supplementary Table S3: Performance comparisons of Co/ZnPc-S-C3N, with

previously reported electrocatalysts for 2e- ORR.

Max H,0, Tafel
afe
yield rate ax tabilit e eferenc
ield Max FE | Stabili Cell Ref
Sample Electrolyte 1 slopes
(mol geac | (%) y(h) | setup e
h) mV dec
5.35 mol
0.1M KOH ~100% 110 H-cell 102
Co/ZnPc-S- 8eatt ht .
This work
CsN4 0.1M 5.45 mol
~100% 85 H-cell 117
KZSO4 gcat-:l h-l
FeSAs/ACs- 1.13 mol
0.1 M KOH 87.8% - H-cell 73 7
BCC gcat-1 h—l
CoZn CNT 4.77 mol
»@ 0.1M KOH 95% 12 H-cell 76.3 8
S gcat-1 h-l
1.23 mol
W1/NO-C 0.1M KOH 95% - H-cell 115 9
gcafl h_l
) 1.18 mol Flow
Ni-N,0,/C 0.1M KOH 97% 8 - 10
gcafl h_l cell
4.3 mol Flow
ZnCo-ZIF-C3 0.1M KOH 95% 120 73.6 u
gca{1 h_l cell
5.55 mol Flow
ZnCo-MTF 0.1M KOH 1 93.1% 12 I 95.4 12
8cat ~ N° ce
0.1M 4.33 mol Flow
Co-N-C - 8 R 13
Na,SO, gt ht cell
0.1M 5.47 mol Flow
Zn0@Zn0, 95.5% 12 - 14
K,SO, gt h?t cell
3.57 mol
Co/NC 0.1M PBS 1 84.2% 10 H-cell - 15
gcat- .
1.1025
0.1M
PCMNS mol gt - 10 H-cell 104 16
K,SO, o
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