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1. Experiments

Chemicals. P2Os, K2S,0g, Co(NO3)2-6H20 and 2, 2'-bipyridine, mercaptoacetic acid,
benzylthiol, thioanisole, thioacetamide were purchased from Macklin company.
Graphite powders and KMnO4 were purchased from Alfa Aesar company. All the used

solvents are of analytical grade and used without further purification.

Synthesis of Electrocatalysts. Graphite powders (2 g) were mixed with K>S>0g (1
g) and P2Os (1.2 g) in 98% H2SO4 (20 mL), and heated at 100 °C for 10 h. The resultant
solids were then dispersed in 98% H>SO4 (50 mL) with slowly adding KMnOa (6.5 g)
to react at 50 °C for 6 h, afterwards washed with 3.7% HCI. The final solids were
dialyzed for at least 7 days to achieve the precursor of graphene oxides (GO). To
synthesize various heteroatoms doped graphene, GO (20 mg) and thioacetamide (1 g)
were mixed (~ 1:50, mass ratio) in water/ethanol (10 mL/2.5 mL) solvents under the
ultrasonication. Then the suspension was transferred into a polytetrafluoroethylene
(PTFE) lined stainless steel autoclave. It was sealed and kept at 150 °C for 3.5 h, and
then washed with water and ethanol to obtain S-doped graphene (S1G). As the control
samples, other heteroatoms doped graphene, including S:G, S>G, S4G, NG and G, was
synthesized following the same processes as the case of S1G, except that the precursors
were replaced by GO-mercaptoacetic acid (~ 1:50, mass ratio), GO-benzylthiol (~ 1:50,
mass ratio), GO-thioanisole (~ 1:50, mass ratio), GO-urea (~ 1:50, mass ratio) and GO,
respectively.

To synthesize various molecular cobalt complexes, Co(NO3),-6H.0 (2.62 g, 0.009
mol, dissolved in 50 mL methanol) was slowly mixed with 2, 2'-bipyridine (1.41 g,
0.009 mol, dissolved in 50 mL methanol) under stirring. The mixed solution was heated
at 60 °C for 2 h under stirring. Afterwards, methanol was removed by rotary evaporation.
The resultants were successively washed with acetone, and a small volume of H>O to
get pink compounds, which is denoted as CoN>. The single crystal of CoNz is grown
by dissolving in N, N-dimethylformamide (DMF) for slow evaporation at 60 °C, 1 atm.
For comparison, CoN4 and CoNe complexes were synthesized following the same

processes as the case of CoN2, except that the molar ratios of Co(NO3z)2:6H20 to 2, 2'-
2


https://www.chemsrc.com/en/cas/68-11-1_515370.html
https://www.chemsrc.com/en/cas/100-53-8_1195433.html
https://www.chemsrc.com/en/cas/68-11-1_515370.html
https://www.chemsrc.com/en/cas/100-53-8_1195433.html

bipyridine were changed to 1:2 and 1:3, respectively. In order to achieve heterogenized
Co complexes, CoN2 complexes were mixed with S1G, S2G, S3G, S4G, NG and G (mass
ratio at 1:1) in DMF, respectively, and were heated at 80 °C for 12 h, 1 atm. The final
solids (3 mg) were washed with ethanol, and dispersed in 2 mL isopropanol. The as-
obtained products are denoted as S1G-CoN2z, S2G-CoN2z, S3G-CoN2, S4G-CoNz, NG-
CoN2 and G-CoNz respectively.

Electrochemical measurements. All the electrochemical measurements were
conducted using a CHI 1140 potentiostat with a conventional three-electrode system at
ambient environments (~26 °C, 1 atm). The electrocatalyst was coated on the surface
of glassy carbon electrode with a diameter of 5 mm to serve as the working electrode,
which was connected to the Pine rotation instrument. A Hg/HgO drop soaked in 1 M
KOH was applied as the reference electrode and a graphite rod was applied as the
counter electrode, respectively. The electrolyte was KOH aqueous solution. According
to E (vs. RHE) = E (vs. Hg/HgO) + 0.098 + 0.592 x (pH), the electrode potential is
converted to reversible hydrogen electrode scale. The applied potentials were corrected

for iRs compensation based on the equation, Ecorrected = Eapplied - IRs > 0.95.

Physical Characterizations. The morphology of each sample was characterized by
scanning electron microscopy (SEM, Hitachi SU8010). All the samples were observed
directly without Au coating. Ultraviolet-visible (UV-vis) spectra were recorded in the
250-400 nm range using a precision cuvette (1 cm path length) on a Shimadzu UV-
1900i UV-vis spectrometer. X-ray photoelectron spectra (XPS) were conducted on an
EXCALAB 250 Xl X-ray photoelectron spectrometer (Thermo Scientific) with
monochromatic XPS sensitivity: Ag3ds, (FWHM<0.6ev) intensity greater than 10°
CPS. Powder X-ray diffraction (XRD) patterns were collected on a Bruker D8 advance
instrument with Cu K-a radiation (A=1.54 A) at a generator voltage of 40 kV and a
generator current of 50 mA. Electron spin resonance (ESR) spectra were collected on a
the JES-X320 ESR spectrometer with a micro-frequency of 9.16 GHz. High resolution
transmission electron microscope (HR-TEM) images WERE taken on a Talos F200X

(Thermofishe) at 200 kV. Aberration corrected high-angle annular darkfield scanning
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transmission electron microscopic (AC HAADF-STEM) images were recorded on the
JEOL JEM-2100F at 200 kV. The X-ray absorption fine structure (XAFS) spectrum
was recorded at the W1bl station of the Shanghai Light Source (SSRF) in China,
operating at 250GeV, 250mA. The Faraday efficiency (FE) test of O, is carried out in the H-
type electrolytic cell separated by an ion exchange membrane using the CHI 1140
electrochemical workstation, and the gas products produced in the reaction process are detected
online by gas chromatography (Agilent 8890). Nitrogen as the carrier gas, and 1 M KOH as the
electrolyte. Raman spectroscopy study was performed using a Renishaw LabRAM HR800
Raman spectrometer equipped with 532 and 633 nm solid-state lasers, 5%, 20x, 50%, and 100x
objectives, and a MS 20 Encoded Stage. The measurements used 532 or 633 nm lasers were
taken with a range of 100-3500 cm™ using a 50 long distance objective, 10 s of exposure time,
5% of power, and 3 accumulations. The in situ attenuated total reflectance-fourier transform
infrared spectroscopy (ATR-FTIR) study was conducted on a Nicolet iS50 FTIR spectrometer,
which was equipped with an MCT detector cooled with liquid nitrogen and the PIKE VeeMAX
III variable-angle ATR sampling accessory. In all the measurements, background spectra were
collected when a device set up. FTIR spectra were obtained from an average of 64 scans with
a resolution of 4 cm™. The potential dependent spectra were collected by applying the working
potential from 1 to 1.7 V vs. RHE in 1 M KOH with steps and durations of 0.1 V and 200 s,
respectively. The metal content of each sample was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). i) For analysis of total metal contents
in the each electrocatalyst, samples were digested in a concentrated acid mixture
containing 98% H>SO4 and 65% HNO3 (V/V=1/1). The mixed solution was heated at
110 °C for 24 h, and were tested by ICP-OES. ii) For analysis of surface metal contents
on the working electrodes, the metal coated electrodes were immersed into 65% HNO3

for 0.5 min at the ambient condition, and were tested by ICP-OES.

Computational methods. Spin-polarized density functional theory calculations are
conducted at the generalized gradient approximation level of theory using the plane-
wave mode' as implemented in the GPAW code? and atomic simulation environment

(ASE).> The exchange-correlation potential is described using the BEEF-vdW
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functional,* and the cutoff energy for the plane-wave basis is set to 600 eV. The Fermi
level is smeared using the Fermi-dirac method with a width of 0.05 eV. The vacuum
distance is set to be greater than 11 A, which has been verified as sufficient to decouple
interactions between neighboring images. The Brillouin zone is sampled using a k-grid
of 1x1x2. The atoms are fully relaxed until the force on each atom is less than 0.05
eV/A. The reaction free energy for proton-electron coupled electrochemical step is
calculated using the computational hydrogen electrode (CHE) model.’> The binding
energies of *OOH, *O, and *OH are defined in eqs 1-3.

3

AE.oon = E.oon + > En2 — 2En20 — Equp (1)

AE.o = E.o + Eyz — Enzo — Esup (2)
1

AE.ony = Evon + EEHZ — Enz0 — Esup (3)

The calculated binding energy is converted into Gibbs free energy by applying
corrections of 0.4, 0.05, and 0.35 eV for AE, oy, AE.o, and AE,,y, respectively.
These corrections account for contributions from zero-point energy and entropy.® In
addition, the solvent stabilization of -0.3 eV is considered for *OH and *OOH due to
the hydrogen bonding with water in solution, which is consistent with the previous

studies.®’



2. Additional Results

Figure S1. The molecular structures of CoN2 (a), CoN4 (b) and CoNs (c) complexes
detected by X-ray single crystal diffractions. The brown, light blue, blue, red and white

spheres represent C, N, Co, O, and H atoms, respectively.

Figure S2. SEM images of S:G (a, b) and S1G-CoNz2 (c, d) at different resolutions.



Figure S3. A representative AC HAADF-STEM overall image of S1G-CoNo.
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Figure S4. An AC HAADF-STEM image of S:G-CoNg in the dark field mode and the

corresponding elemental mapping images by EDS analysis.
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Figure S5. Raman spectra (a) and XRD patterns (b) of pristine G, S1G and S1G-CoN..
The Raman laser is 633 nm. A Raman peak is observed at 682 cm™ in S;G-CoNz is
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Figure S6. UV-Vis spectra of S1G-CoNz, S1G and CoNz collected in isopropanol.
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Figure S9. k?-weighted Co K-edge FT EXAFS spectra of S1G-CoN (red) and CoN>

(blue) in R space.
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Figure S10. (a) LSVs of G-CoNs, NG-CoN4 and S1G-CoNa4. (b) LSVs of G-CoNe, NG-
CoNs and S1G-CoNes. 1 M KOH, 10 mV s scan rate, 1600 rpm. The potentials were
compensated by 95% iR loss.

11



3

=

<

>

o

[ =4

£}

o

=

[0}

2

@©

B
N

25 N =

3 50 /| ) [

g 78 /| Air
-100 / \
125 y \
10 11 12 13 14 15 16 17 18 19 20

Time (min)

AN~

o
o
!

80+

60+

40

20

TCo0

-128
-130
>

& 192
<

RET S—

134 |\

10 11 12

13 14 15 16 17 18 18 20

Time (min)
T

800 1600

2400 3200

Time (s)

4000

Figure S11. (a) Digital photos of a gas chromatograph and an electrolysis cell for the

FE test. (b) The GC data of air. (¢) The FEs of O2 production by S1G-CoN> at different

reaction time at a current density of 10 mA ¢cm™. The inset shows a representative GC

data of O2 product measured during the OER on S1G-CoN>.
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Figure S12. A chronoamperometric curve of S1G-CoNa recorded at 1.58 V vs. RHE in
1 M KOH.
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Figure S13. XRD patterns of S1G-CoN> before and after the stability test.
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Figure S14. Raman spectra of SiG-CoN; before and after the stability test.
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Figure S15. (a) Co 2p XPS surveys of S1G-CoN> before and after the stability test, as
well as those of reference materials. XPS surveys of SiG-CoN; before and after the

stability test in the N /s (b) and S 2p (c) regions.
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Figure S16. LSVs of S;G-CoN; and S;G-CoN; (after the stability test) treated with 0.5 M
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and after reacting with 0.5 M EDTA for 12 h. (c¢) UV-Vis spectra of EDTA solution reacted with

S1G-CoN; (after the stability test) and other control samples.
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Figure S21. UV-Vis spectra of S1G-CoN: (a) and S3G-CoNz (b) before and after KOH
titration. The molar ratio of Co to titrated KOH was 1:1. The data were collected in

isopropanol.
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Figure S22. Co 2p core electron levels of S1G-CoN2 and S3G-CoN: before and after

being immersed into 1 M KOH solutions.
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rate, 1600 rpm. The potentials were compensated by 95% iR loss.

To synthesize SNG-CoN2, GO (20 mg) was mixed with mercaptoacetic acid and urea
(~ 1:50:50, mass ratio) in water/ethanol (10 ml/2.5 ml) under ultrasonication. Then the
suspension was transferred into a PTFE lined stainless steel autoclave. It was sealed
and kept at 150 °C for 3.5 h, and then washed with water and ethanol to obtain S/N-
codoped graphene (SNG). The CoN2 was mixed with SNG (1:1 mass ratio) in DMF
and heated at 80 <C for 12 h. The final product is denoted as SNG-CoNo.
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Table S1. The atomic contents of G, NG, S1G, S2G, S3G and S4G by elemental analysis.

N at%o C at% H at% Sat% O at%

G 0.22 61.84 20.99 0.4 16.58
NG 4.99 53.59 24.30 0.6 16.96
S1G 0.7 60.4 15.7 17.8 54
S2G 0.1 78.6 12.7 0.3 8.3
S3G 0.1 76.8 14.8 1.1 7.2
S4G - 67.3 19.8 1.5 11.4

Table S2. The total Co contents of OER electrocatalysts measured by ICP-OES.

Samples Co content (mol mgsupport™)
G-CoN> 2.8x10°
NG-CoNz 4.2x107°
S1G-CoNz2 3.0x10°
S2G-CoN2 3.0x10%
S3G-CoN> 2.3x10%°
S4G-CoN2 3.4x10°
G-CoNs4 3.1x10°
NG-CoN. 4.3x10°
S1G-CoNy 3.2x10°
G-CoNg 2.9x10¢
NG-CoNs 4.2x10°
S1G-CoNg 3.1x10°¢

The contained “mgsuppor’” stands for the mass of graphene based solid supports, i.e., G,

NG, Si1G, S2G, S3G and S4G.
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Table S3. EXAFS data fitting results of the SiG-CoN>.

Absorption
Sample Path R A) CN o¢2(eV) Eo(eV) R
edge
Co-N 2.04 2.1 0.002
S1G-
CoK-edge Co-O 2.14 3.8 0.004 1.252  0.019
CoN»

Co-S 2.73 1.3 0.010

For Co K edge EXAFS spectra of the sample, the Ryg is 1.0 A, Fourier transform range
of k is from 2.5-10.5 A"! and R is from 1.0-2.75 A. The amplitude reduction factor was
determined by fitting a reference spectrum of the Co foil, and then it was used for fitting

the Co K edge EXAFS spectra for these samples.
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Table S4. The surface Co contents of OER electrocatalysts loaded on electrodes

measured by ICP-OES.

Samples Co contents (mol mgsupport™) Co contents (mol cmelectrode™®)
G-CoN 4.2x1077 2.0x10°
NG-CoN> 5.7x107 2.6x10°®
S1G-CoN 4.2x1077 2.9x10°
S2G-CoN:2 3.4x107 1.5x10°®
S3G-CoN: 2.3x107 1.1x10°%
S4G-CoN:2 2.6x107 1.5x10°®
G-CoNy 4.2x107 2.2x10%
NG-CoN4 5.9x107 2.6x10%
S1G-CoNy 4.7x107 3.0x10®
G-CoNs 3.8x107 2.8x10%
NG-CoNs 5.5x107 2.4x10%
S1G-CoNg 4.2x107 2.2x108

The contained “mgsuppor’” stands for the mass of graphene based solid supports, i.e., G,

NG, S1G, S2G, S3G and S4G.
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Table S5. TOF comparison of various reported non-noble metal OER electrocatalysts.

Catalyst Electrolyte Potential (V) TOF (s1) Ref.
S1G-CoNz2 1 M KOH 1.58 0.38 This work
SNG-Co** 1M KOH 1.58 0.266 o
CoOx-ZIF 1 M KOH 1.55 0.082 1o

v-CoOOH NS 1 M KOH 1.57 0.09 1

CoMM 1 M KOH 1.65 0.37 12

Cos04/graphene 1 M KOH 1.63 0.554 13
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