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Supporting information 1: Materials synthesis and characterization

Ceo-tetra-malonate (Ceo-TM) was synthesized as per a previously reported procedure. Penta-ad-
duct and hexa-adduct were obtained by reacting Cso-TM with methyl glycine ester, using diace-
toxyiodobenzene (DIB) and sodium carbonate decahydrate in ortho-dichlorobenzene (o-DCB) un-
der sonication at ambient conditions (Figure 1). Within half an hour, the solution changed to or-
ange, indicating penta as the predominant product. Crystallization of the functionalized com-
pounds was achieved through complexation with ZnBr; via slow evaporation in a benzene/chlo-
roform/ethanol (9:9:1) solvent mixture. The coordination geometry of Zn1 is between trigonal bi-
pyramidal and square pyramidal.’ 2 Subsequently, H-Cso and P-Cso were synthesized via the re-
action of Ceo-TM (50 mg, 0.04 mmol) with methyl glycine ester hydrochloride (20 mg, 0.16 mmol),
utilizing diacetoxyiodobenzene (39 mg, 0.12 mmol) and sodium carbonate decahydrate (37 mg,
0.13 mmol) in 0-DCB (10 mL), under sonication and darkness at room temperature. The reaction
mixture underwent a color change to orange after 30 minutes, whereas after 3 hours, it turned
yellow, indicating the adduct as the main product, as observed by TLC using DCM/EA 30:1. Col-
umn chromatography purification facilitated the characterization of separated compounds using
MALDI-TOF-MS and NMR spectroscopy. The synthesis of hexa-adduct involved reacting Ceo-TM
(50 mg, 0.04 mmol) with 2-pycolylamine (17 mg, 0.16 mmol) and 2-pyridinecarbaldehyde (17 mg,
0.16 mmol) in 0-DCB (10 mL) under reflux conditions. A 30-minute reaction time yielded a yellow
solution, with hex adduct being the sole product, confirmed by TLC using CHCI3/MeOH 15:1.
Subsequent column chromatography purification enabled characterization of hexa adduct via
MALDI-TOF-MS and NMR spectroscopy
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Figure S1. (a) 'H- and (b) 13C-NMR, 600 and 150 MHz, respectively; CDCI3, 298 K for pentaadduct

(ester).
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Figure S2. (a) 'H- and (b) 13NMR, 600 and 150 MHz, respectively; CDCI3, 298 K for hexaadduct
(ester).
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Figure S3. (a) 'H- and b) 13NMR, 600 and 150 MHz, respectively; CDCI3, 298 K for hex adduct (pyri-
dine).



Supporting information 2: The crystal structures for the penta and hexa adduct derivatives
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Figure S4. The crystal structures for the penta and hexa adducts derivatives.

Supporting Information 3: Electrochemical characterization of the electrode materials

Electrochemical measurements were performed in a three-electrode system at an electrochemical work-
station (CHI 660D ). 5 uL of each catalyst in toluene solution (containing 0.05 mg/ mL of catalyst) was
deposited onto a 3 mm diameter glassy carbon electrode to reach a loading of approximately 3.57 yg-cm
2, LSVs with, a scan rate of 2 mV:-s™', were performed in 0.5 M H,SO, (purged with pure Ar) using Ag/
AgCI (in 3M KC] solution) electrode as the reference electrode, a graphite rod as the counter electrode,
and the glassy carbon electrode as the working electrode. All the LSV measurements were repeated at
least 3 times to ensure reproducibility. All the potential was calibrated to a reversible hydrogen electrode
(RHE).



Supporting information 4: Comparison table and Chronoamperometry Measurement.

Table 1. Efficiency compared to most recently reported Metal-Free catalysts

Materials Tafel slope Onset poten- Overpotential Electrolyte Refer-
(mV dec™) tial (V) (Eonset) @10 mAcm™2/V ences
Coeo 202.7 0.31 -- KOH (0.1 M) 8
Ce0-SWCNT;s5 120.8 0.11 0.380 KOH (0.1 M) 8
EC')NOOL'CTF'W 41.04 0.066 0.311 H.SO. (0.5 M) 4
10% F/BCN 82.0 -0.042 0.222 H>S0,4 (0.5 M) °
NOPHC1,-900 102 -0.18 0.290 KOH (1.0 M) 6
3h-N-GNS 115 -0.403 0.707 KOH (0.1 M) ’
BCN-1 100 -0.284 0.298 H>S0,4 (0.5 M) 8
PCTF-10500 342 -0.114 0.227 H>S0,4 (0.5 M) 9
G-12NP 67.3 -- 0.106 H>S0,4 (0.5 M) 10
P-rGO 46 -- 0.440 H>SO,4 (1.0 M) T
NS-doped hier-
archical np-gra- 72 -0.12 -0.230 H.S0, (0.5 M) 12
phene 500 °C
TpPAM 106 -- 0.250 H>S0,4 (0.5 M) 18
g-CaNs nanorib- 54 -0.080 0.207 H.S0, (0.5 M) 14
bon-G
S-CN/PC 84 -0.055 0.186 H>S0,4 (0.5 M) 15
Penta adduct Ceo 48 -0.045 0.075 H,SO, (0.5 M) This work
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Figure S5. |-t measurements of the P-Cgo for 80000 s at -0.10 V vs. RHE.

Supporting information 5: X-ray Photoelectron Spectroscopy (XPS) and Faradic efficiency
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Figure S6. Represents the high-resolution XPS profile of P-Cg (a) before and (b) after a chrono-
amperometric experiment (Eappiiea=-0.10 V vs RHE).

The chemical state of carbon, oxygen, and nitrogen was determined by analyzing the high-resolution
spectra of the C1s, O1s, and N1s before and after electrocatalysis (Figure S6). The presence of several
different chemical states was related to the specific chemical bonding with the surrounding elements of
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the Penta adduct. The analysis of the main component indicated that carbon existed in several different
chemical states (see deconvoluted C1s line in Figure S6a). The chemical state with the lowest binding
energy of 283.42 eV was related to the occurrence of silicone contamination. The most pronounced peak
in the spectra of both samples was located at 284.82 eV and was related to the presence of C—H or C-
C bonds. Interestingly, oxygen and nitrogen-containing groups C—O or C—N (at 287.6 eV) were detected,
whereas the presence of the typical carbonyl group (C=0) (288.5 eV) was also detected. The O1s line
indicated a carbon-oxygen bond; slightly below 532 eV. The deconvoluted N1s line indicated the pres-
ence of four components; the most pronounced component at 398.6 eV was related to basic nitrogen
(pyridinic type), and the chemical state at 401.3 eV was related to pyrrolic N.

Faradic efficiency experiments

Controlled-potential electrolysis measurements were conducted in a sealed, two-chambered H-cell,
where the first chamber contained the working and reference electrodes in 50 mL of 0.5 M H2SO4(aq)
with 0.2 mM P-C60. The second chamber held the auxiliary electrode in 25 mL of 0.5 M H,SO.. The
chambers were separated by a fine-porosity glass frit. Glassy carbon electrode served as the working
and auxiliary electrodes, submerged to expose approximately 64 cm? of the plate to the electrolyte solu-
tion. An Ag/AgCl electrode, separated from the solution by a Vycor frit, functioned as the reference elec-
trode. Prior to each electrolysis experiment, the cell was purged with N2 for 30 minutes and sealed under
an N? atmosphere. In 24-hour experiments, the volume of H, evolved was quantified from the headspace
of the first chamber. Faradaic efficiencies were determined by dividing the measured H. produced by the
expected amount based on the charge passed during controlled-potential electrolysis measurements.
For longer 24-hour experiments, Hz evolution was quantified by measuring the volumetric displacement
of headspace gas (see Table S2, Supporting Information 5).

Reaction at cathode

Charge on 1e = 1F

1F = 96500 C

F or balanced equation

96500 C deposits 2 g H

1C deposits 2/96500 g H.

Q =i*t where i is the current and t is the time of the experiment.
n (e) =Q /96500

2H++2e=H>

(mole) = n(e )* 1 mole Hz /2

Table S2. The charge passed, Measured hydrogen volume, and Faradaic Efficiencies at different times
for one day HER electrolysis measurements.
time | Q(C) |V (ml) | FE (%)

24 1104 | 11.5 89 %

Supporting information 6: DFT

The Density functional theory (DFT) as implemented in the Vienna Ab-initio Simulation Package (VASP)

code was employed to perform the calculations.'® '"The generalized gradient approximation'® in the form

of the Perdew—-Burke—Ernzerhof functional' was used to described exchange-correlation interactions.
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The Blochl’s all-electron, frozen-core projector augmented wave (PAW) method?° were used to represent
nuclei and core electrons. The van der Waals interaction was described by using the empirical correction
in Grimme’s scheme, i.e., DFT+D3?" for all the calculations. The electron wave functions were expanded
using the plane waves with a cut off energy of 500 eV. The geometries were optimized until the energy
and the force were converged to 0.001 eV/A and 107° eV, respectively. A Gamma point in reciprocal
space was used for the k-point sampling during geometry optimization.

The free energy of the adsorption atomic hydrogen (AGw+) is calculated as following:

AGH* == AEH - AEZPE - TASH (31)
AEy represents the differential hydrogen adsorption energy and can be described as:
AEy = Ey, — E* — S H, (s2)

where * denotes the catalyst. Ey,, E* and %HZ represents total energies of catalyst plus one H adsorbed

hydrogen atoms, the total energies of catalyst without adsorbed hydrogen atoms and H. gas, respec-
tively. AEzpe is the difference corresponding to the zero-point energy between the adsorbed state and
the gas phase. The contributions from the catalysts to both AEZPE and ASH are small and can be ne-
glected. Therefore, AEZPE is obtained by:??

AEzpp = E?PE - %E;;E (s3)

where the Ef,; is the zero-point energy of one adsorbed atomic hydrogen on the catalyst surface without
the contribution of the catalyst. EZEE is the zero-point energy of H; in the gas phase.

The Sy is the entropy of H, gas at the standard condition. The AS;; can be obtained by:

1
ASy = 5519,2 (s4)
Therefore, the overall corrections can be obtained as:®
1 *
AEHzEH*_EEHZ_E (85)

where * refers to the catalyst used for hydrogen evolution. En-, Enz, and E* represent the total energies
of catalyst plus one adsorbed hydrogen atom, gas H;, and catalyst, respectively. Thus, the Gibbs free
energy change can be written as:

AGy+ = AEy + 0.16 eV (s6)

Figure S7. The different types of C atoms according to the distance between the C atoms of Ceo and the
ligands for Hexa-Ceo, the cyan, blue and pink atoms represent the first, second and third nearest C atoms,
respectively.
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Figure S8. The different types of C atoms according to the distance between the C atoms of Csg and the
ligands for Penta-Ceo, the cyan, blue and pink atoms represent the first, second and third nearest C
atoms, respectively.
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