Supplementary Information (Sl) for Energy & Environmental Science.
This journal is © The Royal Society of Chemistry 2025

Supporting Information

Precision N-Species Engineering in Pt—N,4 via Ring-Reconstruction towards

Efficient Alkaline Water Electrolysis

By Liu et al.

Contents

IVIBEETTALS ... bbbt bbb bbb bbbt 5
APPAratus and MEASUIEIMENTS .......cviiiiieieiteiie st eteestesteeee e seessesteaeesaesteestesteassebesseessesteaseesteateesesteessessesseas 5
Electrochemical MEASUIEMENTS ..........ciiiiiiiiii it 5
Activation energy (Ea) CAICUIALION .............coiiiiii ettt et s reereenteane s 6
ABEIMWE TESL ...ttt bttt b e e s bt e sh e e s b b e e Rt e e R bt e ke e ek e e eb et eR b e eh b e e bt e nbe e nbeenaeeann e nneenns 7
In situ surface-enhanced Raman SpectroSCOPY MEASUTEMENTS. .......cceieeieiieiieerieieeieesresree e steeree e sreeresrens 7
TheoretiCal CAICUIALIONS ..ot 8
SYNENESIS OF ZIF-8@ZIF-67 ......c.oeiiieeieie ettt e s b e et e e be s be e besbe et e sbeetaenteste s 9
SYNENESIS OF CON@NIGIC ...ttt et sttt st sttt e st st e besbeabe st et e e e neas 9
SYNENESIS OF CON@NISIIEIC - vevervevereerierierisii st sttt sttt sttt sttt e s e bt e s b e besb et et e e s e st et e s beabenbenbebeneas 9
Synthesis of Con-Pti@Nisy61C and COn-PLi@NI[6]C .....vovveieeiieieiicie e 9
Fig. S1. Three possible initial structures of Nsys;C configurations are depicted alongside their corresponding
DFT optimized structural models, with the relative electronic energies of the DFT optimized structures
ST L0 AV [0 =T USROS 11
Fig. S2. Optimized H* adsorption structures of Pti@NsC, Pti@Nsy61C, and Pi@NisiC. ..vvovvevvvivrierienene 11
Fig. S3. Calculated PDOS of Pt 5d for Pti@N(s]C, Pt:@Nsys1C, and Pti@NsiC. .......covvveviiiiiiiece, 12
Fig. S4. High-resolution XPS N 1s spectra of ZIF-67 pyrolysis products in Ho/Arand Ar.........c.cccccoveevenee. 12
Fig. S5. The function of Con: (a) Catalyzing hydrogenation reaction; (b) Severing as OH" adsorption site . 13
Fig. S6. (a) Schematic models and (b) reaction energy barrier of Con-incorporated vs. Co-free systems..... 13
Fig. S7. SEM image of core-Shell ZIF-8@ZIF-67. ...........ccoi ittt 14
Fig. S8. TEM images of core-shell ZIF-8@ZIF-67. ..........ccoooi ittt 14
Fig. S9. STEM image and energy-dispersive X-ray spectroscopy (EDS) element mapping of core-shell ZIF-
LA |G PR 14
Fig. S10. Binding energies between Con-Nisy1C, Con-NsiC, and Cos-Ni51C and Pt (Inset: Structure models of
Con-Pti@Ns61C, Con-Pti@N[6C, and Con-Pt1@Ni51C). Note that Cos-Ni51C exhibits positive binding energy
towards Pty, suggesting the poor stability of COn-Pti@NIsiC. ...oovvveiveiiieeece e 15
Fig. S11. Bader charge of Pt and N in Con-Pt1@Nisy61C, Con-Pti@N(s)C, and Con-Pti@N51C. ... 15



Fig. S12. Screening process for Con-Pti@N(s1C MOdels DY DFT ..o 16
Fig. S13. Gibbs free energy of H* adsorption on Cos-Pt1@Nisy1s)C, Con-Pt1@N(sC, and Con-Pt1@Nj5,C. .. 16
Fig. S14. Corresponding contents of Niej, Nis;, M-N, G-N, and O-N in Con-Pt:@Nsy61C and Con-Pt1@Nig;C.

........................................................................................................................................................................ 17
Fig. S15. XRD pattern of (a) Con-Nisys1C, Con-NpeiC, Con-Pti@Nsy61C, and Con-Pti@N(s1C; and (b) Coc-
Nisp161C, Coc-Nis]C, COc-Pti@Nisyis1C, and COc-Pti@N[]C. ....oviviiiiiieiiiicere s 17
Fig. S16. TEM images Of COc-PU@NBIEIC. +vvveverreiriiiitiisiiist et 17
Fig. S17. TEM images Of COc-PL@NIEIC. .....cvriiiiriiiiiiiteiisise e 18

Fig. S18. High-resolution XPS spectra of Co 2p for (a) Con-Npsy61C and Con-Njg;C, (b) High-resolution XPS
spectra of Co 2p Con-Pti@Nsy161C and Con-Pti@Ns)C, (€) Coc-Nisys1C and Coc-NigiC, (d) Coc-Pti@Nisy61C

ANA CO-PLI@NIBIC. ..t bbbt b bbbttt ettt b e nn e 18
Fig. S19. XPS spectra of N 1s for Coc-Nisys1C and COc-N[61C...c.veverieiiiiiiiirieieriereeee e 19
Fig. S20. XPS spectra of N 1s for Coc-Pti@Nisy1C and Coc-Pti@NI6IC. .ovvvvviieieieciece e 19
Fig. S21. High-resolution XPS SPECtra OF Pt AT ..o e 20
Fig. S22. Fourier-transformed magnitude of Pt Lz EXAFS spectra in K space, (a) Con-Pti@Nsy6C, (b) Con-
Pti@Ni61C, (C) PLTOIl, (A) PLO2. ...ttt ettt 21
Fig. S23. Fourier-transformed magnitude of Pt L3 EXAFS spectra in R space. (a) Con-Pti@Nsy16C, (b) Con-
PL@NIBIC, (C) PLTOIL .vieeiiee bttt ettt bbb 21
Fig. S24. (a) wavelet-transformed k2-weighted EXAFS spectra of Con-Pti@Nsy6C, (b) Con-Pti@NiC, (C)
e (0T o To N (0 ) N 2 (O 7 OSSOSO 22
Fig. S25. SEM images Of COn-NSJ6]C. «..vvervirreiiiiieieisiisie sttt e 22
Fig. S26. SEM images OF COn-N[6]C. ..ottt bbb 22
Fig. S27. SEM images of COn-Pti@N5[6]C. ... veveeeiriiiiiiiirieite e 23
Fig. S28. SEM images of COn-PLi@N[6]C. ....ocvoiviiiiiiiiiicie e 23
Fig. S29. TEM images OF COn-NISIEIC. .. vovervirreieiiieiei sttt e 23
Fig. S30. TEM images of Con-NiC. The internal structure did not undergo significant collapse, indicating
that the Co, may be encapsulated by the carbon layers. ... 23
Fig. S31. TEM images Of COn-PL@NISIEIC. . .vevevereeririiiiisii ittt 24
Fig. S32. STEM images and EDS mapping of Con-Pti@Nsy6]C. «.vevevrrrririiriiiieieieeeee e 24
Fig. S33. TEM (a, b) and HRTEM (c) images of Con-PL@NI6]C.......covvviiririniiiiinieieeee s 24
Fig. S34. STEM images and EDS mapping of Con-PLi@NI6]C........coveiiiiiiiriiii s 25

Fig. S35. (a) N2 adsorption-desorption isotherm curves and (b) corresponding pore distributions of Con-
N T L L Lo O 0 AN OSSO RPSSS 25



Fig. S36. (a) N, adsorption-desorption isotherm curves and (b) corresponding pore distributions of Con-Pts-

N5161C @N0 COR-PLIENIBIC. oo et bbbttt ettt st b b enes 25
Fig. S37. HAADF-STEM images of Con-PLU@N[5)6]C. ...e.vrvivrreiriieeiiiisieieisisiee s 26
Fig. S38. HAADF-STEM images of Con-PLU@N[5)6]C. ...e.vrvrvrreiriiieiiiinieieisiseeiseieee e 26
Fig. S39. HAADF-STEM images of Con-PLU@N[5)6]C. ...evrvivrreiriiieiiirinieieisisice s 27
Fig. S40. HAADF-STEM images of Con-PLU@N[5)6]C. ...vvrvrvereiriieiiiiiisieieisisee s 27
Fig. S41. HAADF-STEM images 0f COn-Pti@NI6]C. ......coiviiiiiiiiiiiiiicircce e 28
Fig. S42. HAADF-STEM images 0f COn-Pti@NI6]C. ......ceiviiiiiiiiiiiieiiceseese s 28
Fig. S43. HAADF-STEM images 0f COn-Pti@NI6]C. .....cceviiiiiiiiiiiice e 29
Fig. S44. HAADF-STEM images 0f COn-Pti@NI6]C. ......cerviviiiiiiiiiice it 29
Fig. S45. Potential calibration of the reference electrode concerning reversible hydrogen electrode (RHE).
........................................................................................................................................................................ 30
Fig. S46. HER polarization curves of Con-Pti@Nsyis]C and Con-Nspis]C.....coovvvvviiriiiiiiiiiiiciiiiiicccie, 30
Fig. S47. CV curves of (a) Con-Pti@Nisy6C (b) Con-Pti@Ni6)C, () 20% Pt/C at different scanning rates, (d)
The calculated Cgi FOr three CALAIYSTS. ......iiviiiciiec e s et be e sreares 31
Fig. S48. Electrochemical impedance spectroscopy (EIS) curve of Con-Pti@Ngsy61C, 20%Pt/C, and Con-
PLU@NIGIC. rvvvvoeveeoeeeeeeeeeeeeeseeeseeseeseseses e ess e es e s e ee s s s 31
Fig. S49. The equivalent circuits for HER of Con-Pti@Nsy6C in 1 M KOH (Tafel slope < 30).%5.............. 31
Fig. S50. The equivalent circuits for HER of catalysis in 1 M KOH (Tafel slope>30). .........cccccocvrinerennne. 32

Fig. S51 (a) Cyclic voltammetry curves of Con-Pti@Nisy6;C, Con-Pti@N6)C, and Pt/C in Ar-saturated 1 M
KOH with a scan rate of 50 mV s; (b) jecsa Of various catalysts as a function of applied potential............ 33

Fig. S52. TEM (a, b), EDS mapping (c), and (d) HRTEM images of Con-Pti@Nsy61C after 100 h stability
LECES 0o TSSO P ST U PO TP PSPV URPRPPIN 33

Fig. S53. XRD patterns of 100 h-stability-tested Con-Pt1@Nisy61C and pristine carbon paper. .................... 34

Fig. S54. HER performance of Coc-Pti@NpyeiC, 20%Pt/C, and Co-Pti@NC in alkaline. (a) HER
polarization curves, (b) Tafel plots, (¢) CV curves of Coc-Pti@Nisy6C, (d) CV curves of Coc-Pti@NigC at
different scan rates, (e) Corresponding evaluation of Cq values, (f) EIS CUIVES........cocovoveivneiieneieee e 34

Fig. S55. Polarization curves (a, ¢) and Tafel plots (b, d) under a certain temperature range of 25-50 <C for
Con-Pti@N[s161C and Con-Pti@N[s]C, reSPECHIVEIY. ...c.viiiiiiieiie e e 35

Fig. S56. In-situ electrochemical Raman spectra of interface adsorbed water at Con-Pt1@Nisy6C surface.. 35

Fig. S57. In-situ Raman spectra electrochemical Raman spectra of interface adsorbed water at Con-Pt1@Ni6C
SUITBCE. ..ttt bt h R R R R R R R R R R E ettt n e r e n e n e 36

Fig. S58. Raman area ratios of the (a) 4HB-H>0 and (b) free-H,O at Con-Pti@Nsy151C and Con-Pti@NieC
0 = Lol TP PSPPSR PRSPPI 36



Fig. S59. TEM images (a-c) and EDS elemental mappings (d-f) of Con-Pt:@Nsy6)C after 400 h AEMWE

16 LT | 1§V (=13 (oSSR 37
Fig. S60. (a) High-resolution XPS spectra of N 1s for Co,-Pti@Nisy6C after 400 h AEMWE stability testing.
(b) Corresponding contents of Npj, Nisj, G-N, and O-N in Con-Pti@Nsis1C. . oovvevveverierieierieieicesese e 37
Fig. S61. High-resolution XPS spectra of Pt 4f for Con-Pti@Nisy)C after 400 h AEMWE stability testing.
........................................................................................................................................................................ 38
Fig. S62. High-resolution XPS spectra of Co 2p for Cos-Pt1@Nsy6;C after 400 h AEMWE stability testing.
........................................................................................................................................................................ 38
Fig. S63. Gibbs free energy diagram of the alkaline HER process on Con-Pti@NsiC. ......ccoovvviiiineniennnne. 39

Fig. S64. Calculated PDOS of Pt 5d for Con-Pti@Ns)61C, Con-Pt1@N(s)C, and Con-Pti@N(s1C. The d-band
center of Pt in Con-Pt:@Ni5,C is significantly close to the Fermi level, indicating extremely strong H*
adsorption, which could impede the desorption Of H...........c.oeiieiiececceeee e 39

Fig. S65. Differential charge density image of water adsorption on Co,.Pt:@Ns1C; the yellow and blue regions
represent charge accumulation and decrease, reSPECHIVEIY..........ooi i 40

Fig. S66. Water splitting model for Con,-Pt1@N(5C. The white, gray, blue, red, purple, and orange spheres
represent H, C, N, O, Co, and Pt atoms, respectively. Due to the instability of this structure, it underwent

degradation during the Water-Splitting PrOCESS. ........civiiiie ittt ba e sreeres 40
Table S1. Recent advances in the regulation of types of N in single-atom catalysts............c.cccccevvriveviennnnne. 41
Table S2. Structural parameters of Pt foil and Con-Pt:@NC extracted from the EXAFS fitting .................. 42
Table S3. Specific surface area, pore volume, and pore diameter information of Con@Ns6C, Con@NsC, Con-
o oo N o O g o I o T o (2] SO P 42
Table S4. Optimum fit parameters for the impedance data during HER in 1 M KOH...........c.ccccooviveiennne. 43
Table S5. Comparison of the HER performance with other state-of-the-art noble-metal single-atom HER
electrocatalysts iN AIKAIINE. ..o 44
Table S6. Quantitative ICP-OES analysis of Co loading in Co, @NC and Con-Pti@NC.........cccccvvveiennnee. 45
Table S7. Comparison of AEMWE cell voltages using different cathodic catalysts............ccoceevriiinenennnn. 45



Materials

All chemicals were used as received. Analytical grade zinc nitrate hexahydrate (Zn(NOs3),-6H>0), Cobalt(II)
nitrate hexahydrate (Co(NO3),-6H,0), 2-Methylimidazole, Chloroplatinic acid hexahydrate (H.PtCls:6H>O) and
Nafion (20%) were purchased from Aladdin Reagents Co., Ltd. Methanol (CH30H), Ethanol (C,HsOH), potassium
hydroxide (KOH), and sulphuric acid (H>SO4) were purchased from Sinopharm Chemical Reagent Co., Ltd. The
commercial Pt/C (20 wt.%) was purchased from Johnson Matthey. Ultrapure water with a resistance of 18.25 MQ
cm! was made by a water purification machine in our lab. All the reagents and solvents were used as received,

without further purification.
Apparatus and measurements

The morphology of samples was characterized by FE-SEM (JSM-6700F, accelerating voltage of 5 kV),
HRTEM (JEM-2010, accelerating voltage of 200 kV), and high-angle annular dark-field scanning transmission
electron microscopy (JEOL JEM-ARM200F TEM, accelerating voltage of 200 kV). EDS data were collected on
an X-MaxN100TLE detector. The crystalline structures of as-synthesized materials were measured by X-ray
diffraction (XRD; DX-2700 Xray diffractometer), Cu Ka radiation, (1=1.5406 A, operated at 40 kV and 30 mA).
XPS data was recorded on a Thermo Scientific K-Alpha instrument. ICP-OES spectroscopy measurements were
conducted on an Agilent 5100 spectroscope. Nitrogen adsorption/desorption experiments were performed at 77.3
K on a Quantachrome ASiQwin instrument. X-ray absorption fine structure (XAFS) including X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) were collected at the SPring-

8 14b2, where a pair of channel-cut Si (111) crystals was used in the monochromator.
Electrochemical measurements

Electrochemical measurements for HER were conducted on a CHI 760E instrument using a standard three-
electrode configuration. A glassy carbon electrode coated with catalyst ink served as the working electrode. A
Hg/HgO electrode was employed as the reference electrode, and a graphite rod was used as the counter electrode.
The experiments were carried out in a thermostatically controlled water bath at 25 °C. For the preparation of the
working electrode, 2.5 mg of the investigated catalyst and 5 pL of Nafion solution (20%) were mixed in a solvent
mixture (240 pL, with a 3:1 v/v ratio of water to ethanol) and sonicated for 30 minutes to create a homogeneous
dispersion. Subsequently, 5 pL of this catalyst ink was applied onto a glassy carbon electrode (GCE, 3 mm in
diameter) and allowed to dry in the air.

Polarization curves were acquired at a scan rate of 5 mV s*! with 95% iR-compensation. Cyclic voltammetry
(CV) was performed to determine the electrochemical double-layer capacitance within the potential range of 0.3

to 0.4 V versus RHE, with scan rates ranging from 10 to 120 mV s!. All measured potentials (E) were referenced
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to the reversible hydrogen electrode (RHE) using the following equation:
Erug =Engngot0.05 9PH+E0Hg/HgO

Tafel slopes were determined by plotting the overpotential vs. the logarithm of current density (log |j|). EIS
was conducted in the frequency range from 103 Hz to 1 Hz with an amplitude of 5 mV at open circuit potential.
The resistance of the solution (R;) resulting from the Nyquist plot was used to correct the ohmic drop (iR-correction)
for the HER measurement. All polarization curves were corrected with 95% iR compensation. The corrected
potential could be obtained by FEcoreced=FErue-iRs. The stability of the catalysts was tested by means of
chronopotentiometry (V ~ t) at a cathodic current density of 10 mA cm. Note that before stability measurements,
the catalyst underwent 200 CV cycles at a scan rate of 50 mV s™! to active the catalyst.

Turnover frequency (TOF, s!) per metal site was calculated according to the following equation:

TOF=j/(nxFxN)

Where j is the geometric current density after 95% iR-correction, » is the number of electrons transferred in
the reactions (2 for HER), F is the Faraday constant, and A is the molar number of active sites. Specifically, N was
estimated via the total catalyst mass loading on the electrode (m, mg cm), the weight percent of active metals in
the catalysts (w, wt.%, determined by the ICP), and the molar mass (M, g mol!) according to the following equation:

N=m>xw/M

Mass activity (MA, A g!) was estimated via the catalyst loading (m, mg cm?) weight percent of the metal in
the catalysts (w, wt.%) and the geometric current density (j, mA cm?) under a certain overpotential-based on the
following equation:

MA=j/(mxw)

The electrochemically active surface area (ECSA) value was calculated by integrating the hydrogen

adsorption region with the following equation:

_Oylv
ECSA——Q21

To obtain QOn, CV is measured in the Ar-purged 1.0 M KOH between the potential range of 0-1 V vs. RHE at
the scan rate of 50 mV s*'. Qu can be obtained by calculating the integral area of the hydrogen adsorption region
of the CV. Here, v is the scan rate, and 0.21 mC c¢cm is the charge density transferred during the hydrogen

adsorption for polycrystalline Pt.
Activation energy (E,) calculation

To determine the E, value, LSV curves were collected from -0.9 to -1.2 V vs. Hg/HgO at a scan rate of 10

mV-s!ina 1.0 M KOH solution at various temperatures: 25, 30, 35, 40, 45, and 50 °C. Each reaction temperature
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was maintained for 10 minutes to ensure temperature stability. For the heterogeneous HER, the exchange current

density (jo) can be represented using the Arrhenius equation:
E,
j0=Ae('ﬁ
Where A4 is an apparent pre-exponential factor, R is the ideal gas constant (8.314 J-K™'mol™), and T is the

temperature in Kelvin (K). Therefore, £, can be further calculated by fitting the slope of the Arrhenius plot using

the following equation:

8(1nj0):_ E,
o1/T) 8.314
AEMWE Test

The anion exchange membrane (AEM) electrolyzer employs a zero-gap cell configuration, consisting of a
titanium alloy cell body for structural integrity and corrosion resistance, 1x1 cm? corrosion-resistant liquid flow
chambers for anode/cathode compartments, nickel foam electrodes functioning as gas diffusion layers and catalyst
supports, and Teflon gaskets to ensure hermetic sealing between membrane-electrode assemblies. The cathode ink
was prepared by ultrasonicating a mixture of 10 mg catalyst and 30 pL Nafion solution (20%) in 2 mL solvent (1:1
v/v HoOlethanol) for 30 min. Prior to 12 h activation in 1 M KOH, cathodic catalysts (Con-Pti@N|sy61C and
commercial Pt/C) were deposited on the KMem AMO1 membrane (50 um thickness) via airbrush spraying with
controlled loading (2.5 mg cm). The NiFe-LDH anode catalyst was electrodeposited in a three-electrode system
(Ag/AgCl reference, Pt foil counter, Ni foam working electrode) using a -1.35 V(vs. Ag/AgCl) potential for 90 s in
a 0.15 M Fe(NO3)3-9H,O/Ni(NO3)2-6H>O (3/2 molar ratio) solution, yielding uniform loading (3.0 mg cm).The
cathode and the anode were sandwiched with the membrane to form the AEM electrolyzer. AEMWE electrolyzer
was operated at temperatures of 25-70 °C under ambient pressure, using 1 M KOH as the electrolyte. The
performance of the AEMWE was evaluated by measuring the polarization curves from 1 V to 3 V at a scan rate of

50 mV/s. The stability of the AEMWE was conducted at a current density of 1 A-cm™ at 70 °C.
In situ surface-enhanced Raman spectroscopy measurements.

In-situ Raman spectra were collected using a HORIBA LabRAM Soleil Raman microscope with a 532 nm
excitation laser, while electrochemical curves were recorded using a CHI 760E electrochemical workstation. The
solution was circulated by a pump to eliminate air bubble interference. The catalyst ink was prepared by dispersing
catalyst (2.5 mg) into a mixture of ultrapure water (180 pL), ethanol (60 pL), and 20% Nafion (5 pL), followed by
ultrasonic treatment for 30 minutes. Subsequently, 30 pL of the ink was applied to the surface of a glassy carbon
electrode (GCE, diameter = 1 cm) in the in-situ cell and dried at 25 °C. To enhance the surface-enhanced Raman

signal, a dispersion of Au nanoparticles was further applied to the modified electrode. A carbon rod served as the
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counter electrode, and a Hg/HgO electrode was used as the reference electrode. Chronoamperometry was

performed at various potentials in 1 M KOH during the Raman measurement.
Theoretical calculations

All density functional theory (DFT) calculations were done using the Vienna Ab initio Simulation Package
(VASP).! The electron-ion interaction is described by the projector augmented wave method (PAW) with an energy
cutoff of 525 eV for the plane-wave basis set.> The cell volume and atomic positions were optimized according to
atomic forces with a threshold that the calculated force on each atom is smaller than 0.02 eV/A. As for the
exchange-correlation functional, the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
is used.® The Grimme’s dispersion correction with Becke-Johnson damping (DFT-D3BJ) is included.* 3 A3x3x1
I'-centered Monkhorst-Pack k-point mesh is adopted for all calculations. The k-points mesh is increased to 6x6x1
for calculating the density of states (DOS). The atomic charge was determined by performing Bader charge
analysis.® The N atoms were doped into an 8x8x1 graphene supercell with a 25 A vacuum slab along the z-direction.
The loaded Coss cluster was built by the atomic simulation environment (ASE).” The Pt binding energy (Eb[Pti])
is defined as:

Ey[Pti]=E[substrate+Pt;]-E[substrate]-E£[Ptouik]

where E[substrate+Pt;] is the energy of Pt; loaded substrate, E[substrate] is the energy of the bare substrate,
and E[Ptpu] is the energy of bulk Pt (per Pt atom). Transition states are determined by climb image nudged elastic
band (CI-NEB) calculations to investigate the H—O bond breaking barrier for H;O*.® Gibbs free energies (G) of all
gaseous and absorbed surface species are evaluated at 7=298.15 K, by taking the zero-point energy and entropy
contribution into account:

G=E¢+ZPE+AUo_+TS

where Ey is the electronic energy, ZPE is the zero-point energy, AUo—.r is the internal energy contribution, and
S is the entropy contribution. AUo—r and S are calculated by considering the contributions from translation,
rotational motion, vibrational motion, and electronic motion. The corresponding partition function was used to
calculate the entropy contribution’ and the post-analysis is done by using VASPKIT.! The HER free energy
diagram was investigated by considering the following critical steps:

1. *+H,O—H,O*(water adsorption)
2. H,O*—H*+OH*(water dissociation)
3. OH*+e—OH(OH desorption)

4. H*—'H,(hydrogen evolution)
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The free energy of OH- is evaluated as '':
AGom) - (oun=V2[ Gor 200 -G eony~Guy |7 72 Geran,0-Geons~Gm,)|

The AGu+ map on the surface of the catalyst (Fig. 6e) is done by employing rigid scan. Single H atom is
placed on the van der Waals surface of the substrate, with the substrate kept fixed. Only the z-coordinate of the H
atom is relaxed during the calculation. The surface of the substrate was sampled by calculating ~750 nearly equally
spaced H adsorption sites. Only I' point is used in VASP during the rigid scan. The free energy AGu= of a certain
site was determined as

AGu+=Eou—Eo—2Eon21+0.24 eV

by assuming the zero-point energy and entropy change is 0.24 eV.!?
Synthesis of ZIF-8@ZIF-67
In a typical preparation, Zn(NO3),-6H>0 (5.95 g) and 2-methylimidazole (6.16 g) were separately dissolved

in 150 mL of methanol. The two solutions were then mixed and stirred at room temperature for 24 h to form white
ZIF-8 precipitates. The precipitates were collected by centrifugation, washed with methanol, and dried under
vacuum at 60 °C overnight. Next, 0.004 mol of ZIF-8 was dispersed in 200 mL of methanol. Co(NO3),-6H>O
(465.6 mg) and 2-methylimidazole (492.6 mg) were dissolved in 8 mL of methanol. The Co(NOs3),-6H,0 solution
was added to the ZIF-8 dispersion, followed by the 2-methylimidazole solution. The mixture was stirred at room
temperature for 24 h, resulting in the formation of light purple precipitates. These precipitates were isolated by
centrifugation, washed with methanol and ethanol, and dried under vacuum at 60 °C overnight to yield the purified

final product.
Synthesis of Co,@N5;C
ZIF-8@ZIF-67 was annealed at 920 °C for 3 hours in Ar at a rate of 2 °C-min"!, and the product was washed

with a 0.85 M H,SOj4 solution at room temperature for 12 h. The product was centrifugally washed with ultrapure

water several times and vacuum dried at 60 °C overnight, denoted as Con@Ni6C.
Synthesis of Co,@N;sy6/C
The synthetic procedure for Con@Nisy161C is similar to that of Con@N[6)C, with the primary difference being

the pyrolysis atmosphere, which is changed from Ar to 5 mol% Ha2/Ar.
Synthesis of Con-Pt@N;s16/C and Co,-Pti@N;C
The as-prepared Con@Nis)61C (30 mg) was dispersed in 10 mL of ultrapure water for 30 minutes.

Subsequently, 300 pL of H2PtCls-6H2O solution (20 mg/mL) was introduced. After further ultrasonication for 30
minutes, the mixture was stirred at 60 °C for 16.5 h, and the suspension was separated by centrifugation. The

product was washed with ultrapure water, vacuum-dried at 60 °C overnight, and designated as Con-Pti@Nsy161C.
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The synthesis of Con-Pti@N)C is similar to Con-Pti@Nys)61C, with the only difference being the use of
Con@N|6C instead of Con@Nis)6)C. The Pt contents in Coa@N|sy16]C and Coq@NgC determined by inductively

coupled plasma mass spectrometry (ICP-MS) are 8.38 wt.% and 8.52%, respectively.
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Fig. S1. Three possible initial structures of Nisy6]C configurations are depicted alongside their corresponding DFT
optimized structural models, with the relative electronic energies of the DFT optimized structures provided.

Among these configurations, the relative electronic energies of the DFT optimized structures for configurations a

and c are both higher than those for configuration b, indicating that configuration b is the most stable.

Fig. S2. Optimized H* adsorption structures of Pt1(@Nis)C, Pti@Nis)161C, and Pti@N5,C.
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Fig. S3. Calculated PDOS of Pt 5d for Ptl@N[s]C, Pt1@N[5]/[5]C, and Pt1@N[5]C.
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Fig. S4. High-resolution XPS N 1s spectra of ZIF-67 pyrolysis products in Ho/Ar and Ar.
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Hydrogenation reaction

Pt atoms

Fig. S5. The function of Coy: (a) Catalyzing hydrogenation reaction; (b) Severing as OH" adsorption site

As depicted in Fig. S6, Co, serves dual functions: 1) It can cause the transformation of Nis) to Nis; through
hydrogenation (Co+C+2H,—Co+CHa4), regulating the content of Nis; and Nigj to 1/1. 2) It can effectively adsorb
OH* from H,O to supply H* to Pt;.

5.15

3.62

Energy (eV)
N

Non-catalyst ' Co, -catalyst
N +Co+4C+8H,— Co+N5+4CH, Y " y

Fig. S6. (a) Schematic models and (b) reaction energy barrier of Cos-incorporated vs. Co-free systems.
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Fig. S7. SEM image of core-shell ZIF-8@ZIF-67.

Fig. S8. TEM images of core-shell ZIF-8@ZIF-67.

N Co
200 nm 200 nm 200 nm 200 nm 200 nm

Fig. S9. STEM image and energy-dispersive X-ray spectroscopy (EDS) element mapping of core-shell ZIF-
8@ZIF-67.
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Fig. S10. Binding energies between Copn-Njs1761C, Con-N6]C, and Co,-N51C and Pt (Inset: Structure models of Cop-
Pti@Nsy161C, Con-Pti@N[61C, and Con-Pti@N(51C). Note that Co,-Ni51C exhibits positive binding energy towards
Pti, suggesting the poor stability of Con-Pti@NisiC.
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Fig. S11. Bader charge of Pt and N in Con-Pti@Nis16]C, Con-Pti@N[61C, and Con-Pti@N(51C.
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Fig. S12. Screening process for Coy-Pti@N[51C models by DFT.

As exhibited in Fig. S12, when introducing Co to the Ni5;C model, the interference from some Co atoms

makes it extremely difficult for Pt; to coordinate with four Nys).

— COn-Ptl@N[S],[G]C
Co,-Pt;@Np,C 1.23
1 — coPr@NgC 050
7 - ™ N
H 2 “ 12 H, (q)
S‘ 0 4 \/ /—2
&’/ \ 1
T \ /
O] \ /
< -1 4 \ /
\ /
\ /
\ /
-0 /
2 L2271,
-3

Reaction coordinate
Fig. S13. Gibbs free energy of H* adsorption on Con-Pti@Nis1161C, Con-Pti@N[61C, and Con-Pti@Nis1C.
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Fig. S14. Corresponding contents of Nigj, Nis3, M-N, G-N, and O-N in Cos-Pt1@Nisy161C and Con-Pti@Ni6C.
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Fig. S15. XRD pattern of (a) Con-Npsy161C, Con-Nis1C, Con-Pti@Nis1161C, and Coq-Pti@N(61C; and (b) Coc-Nisy61C,
Coc-Ni61C, Coc-Pti@Nis1161C, and Coc-Pti@NisC.

Fig. S16. TEM images of Coc-Pti@N|s)16C.
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Fig. S17. TEM images of Coc-Pti@Ni6C.
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Fig. S18. High-resolution XPS spectra of Co 2p for (a) Con-Nsy161C and Con-N6iC, (b) High-resolution XPS

spectra of Co 2p Cou-Pti@N[s1161C and Con-Pti@N(61C, (¢) Coc-Nisy61C and Coc-N61C, (d) Coc-Pti@Nisy61C and

COC-Pt1@N[6]C.
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Fig. S19. XPS spectra of N 1s for Coc-Nisy61C and Coc-NjeC.
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Fig. S20. XPS spectra of N 1s for Coc-Pt1@Ns5116)C and Coc-Pti@Nj6C.
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Fig. S21. High-resolution XPS spectra of Pt 4f.
The XRD patterns of Con-Nsyi61C and Con-Pti@N[sy16C exhibit diffraction peaks at 44.22° and 51.52°,

corresponding to the (1 1 1) and (2 0 0) crystal planes of Con, respectively (Fig. S15a). Notably, Con,-NisC and
Cou-Pti@N[61C prepared in Ar exhibit weaker diffraction peaks of Co,, which may be due to the lack of H»
participation, thereby limiting the ring-reconstruction reaction and preventing significant collapse of the internal
structure. As a result, the Co, appear to be more tightly encapsulated by the carbon layers, as evidenced by the
aberration-corrected STEM images (Fig. 3g). When the Co content is reduced, Nisy6)C and N6 C loaded with Co
atoms or clusters were obtained (named Coc-Nsy6]C and Coc-Ni61C). Fig. S15b suggests that Co may exist in the
form of atoms or clusters, as confirmed by the XPS spectra of Co (Fig. S18¢-d). Indeed, no significant nanoparticles
were observed in the TEM images (Fig. S16-17). From Fig. S19-20, it is evident that reducing the amount of Co
results in the Ni51/Ng) atomic ratio remaining almost 1/1, with a slight decrease in the percentage of Njs;. This may
be due to the relatively weaker catalytic effect caused by the lower Co content, indicating that ring reconstruction
cannot occur without the participation of Co. Furthermore, the XRD patterns of both systems show no crystal
diffraction peaks of Pt, confirming that all Pt exists in the form of atoms, as evidenced by the XPS spectra of Pt

(Fig. S21).
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Fig. S22. Fourier-transformed magnitude of Pt L3 EXAFS spectra in K space, (a) Con-Pti@Nis1161C, (b) Con-
Pti@Ni6C, (c) Pt foil, (d) PtO..
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Fig. S23. Fourier-transformed magnitude of Pt L3 EXAFS spectra in R space. (a) Con-Pti@N[51161C, (b) Con-
Pti@Ni61C, (c) Pt foil.
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Fig. S24. (a) wavelet-transformed k>-weighted EXAFS spectra of Coa-Pti@Nisy6]C, (b) Con-Pti@N;C, (c) Pt foil,
and (d) PtO,.

Fig. S26. SEM images of Con-Ni6C.

Note that regardless of whether H» is present or not, the materials after pyrolysis are densely covered with carbon
nanotubes (CNTs). This may be attributed to the fact that the evaporation of Zn at high pyrolysis temperatures

plays a similar role to H, in promoting the rapid formation of Co, which catalyzes the growth of CNTs.!314
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Fig. S29. TEM images of Con-Njsy161C.

Fig. S30. TEM images of Co,-N[6)C. The internal structure did not undergo significant collapse, indicating that the
Con may be encapsulated by the carbon layers.
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Fig. S31. TEM images of Con-Pti@Nisy161C.

300 nm

Fig. S32. STEM images and EDS mapping of Con-Pti@Nis16C.

Fig. S33. TEM (a, b) and HRTEM (c) images of Con-Pt1@NisC.
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Fig. S34. STEM images and EDS mapping of Con-Pti@NisC.
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Fig. S35. (a) N> adsorption-desorption isotherm curves and (b) corresponding pore distributions of Con-Nisy161C
and COn‘N[ﬁ]C.
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Fig. S36. (a) N, adsorption-desorption isotherm curves and (b) corresponding pore distributions of Con-Pt;-Nisy61C
and Cop-Pti-Nj6C.
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Fig. S38. HAADF-STEM images of Con-Pt1@N[sy161C.
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Fig. S39. HAADF-STEM images of COn—Ptl@N[s]/[G]C.

Fig. S40. HAADF-STEM images of Con-Pt1@N[sy161C.
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500 N

Fig. S41. HAADF-STEM images of Coa-Pti@N6C.

Fig. S42. HAADF-STEM images of Con-Pti@N(sC.
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Fig. S43. HAADF-STEM images of Coa-Pti@N6C.

Fig. S44. HAADF-STEM images of Con-Pti@N(6C.
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Fig. S45. Potential calibration of the reference electrode concerning reversible hydrogen electrode (RHE).
It was performed in the high-purity hydrogen (99.99% H,) saturated electrolyte with a Pt wire as the working
electrode. In 1 M KOH, cycle voltammetry from -0.7 ~ -1.1 V was done with a scan rate of 2 mV s!, where the

current crossed zero is taken to be the thermodynamic potential (vs. Hg/HgO) for the hydrogen evolution, £ (vs.
RHE) =F (vs. Hg/HgO)+0.926 V.
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Fig. S46. HER polarization curves of Con-Pt1@Nsy161C and Con-Nsy61C.
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Fig. S47. CV curves of (a) Coa-Pti@N[s1161C (b) Con-Pti@Ni61C, (c) 20% Pt/C at different scanning rates, (d) The

calculated Cy for three catalysts.
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Fig. S48. Electrochemical impedance spectroscopy (EIS) curve of Con-Pti@Nis1161C, 20%Pt/C, and Co,-Pti@NjeC.
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Fig. S49. The equivalent circuits for HER of Con-Pti@Nisy6)C in 1 M KOH (Tafel slope < 30).!
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The parallel circuit includes one resistor (R;) and one constant phase element (CPE}), corresponding to the
inner layer of catalysts, where R; is the charge transfer resistance and CPE; corresponds to the double-layer
capacitance. The second section of a parallel circuit containing resistance (R2) and constant phase element (CPE>)

corresponds to interface reaction charge transfer (the electrochemical desorption of H*). Ry is electrolyte resistance.

R,

Electron transfer Interface reaction

arode orezcve | LS EMEARE | chargewanse
interface) P process

Electrolyte
resistance

Fig. S50. The equivalent circuits for HER of catalysis in 1 M KOH (Tafel slope>30).

The parallel circuit includes one resistor (R;) and one constant phase element (CPE}), corresponding to the
inner layer of catalysts, where R; is the charge transfer resistance and CPE; corresponds to the double-layer
capacitance. The second section of a parallel circuit containing resistance (R2) and constant phase element (CPE>)
corresponds to interface reaction charge transfer (the electrochemical desorption of H"). The third parallel circuit
simulates the electrolyte-catalyst interfacial charge transfer, which can reflect the hydrogen intermediate adsorption
behavior on the catalytically active sites. R3 is the ion transfer resistance and CPE3 represents the hydrogen
adsorption pseudo-capacitance. CPE3 as a function of overpotential was integrated to calculate the hydrogen

adsorption charge (Qn+). R; is electrolyte resistance.
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Fig. S51 (a) Cyclic voltammetry curves of Con-Pti@N[s116]C, Con-Pti@N[6C, and Pt/C in Ar-saturated 1 M KOH

with a scan rate of 50 mV s!; (b) jecsa of various catalysts as a function of applied potential.
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Fig. S52. TEM (a, b), EDS mapping (c), and (d) HRTEM images of Con-Pti@Ns116)C after 100 h stability testing.
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Fig. S53. XRD patterns of 100 h-stability-tested Con-Pti@Nisy6)C and pristine carbon paper.
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Fig. S54. HER performance of Coc-Pti@Nisy161C, 20%Pt/C, and Co-Pti@Nj6C in alkaline. (a) HER polarization
curves, (b) Tafel plots, (c) CV curves of Coc-Pti@Nisy161C, (d) CV curves of Coc-Pti(@Ni6)C at different scan rates,
(e) Corresponding evaluation of Cq values, (f) EIS curves.
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Fig. S55. Polarization curves (a, ¢) and Tafel plots (b, d) under a certain temperature range of 25-50 °C for Con-
Pt1@N[5]/[6]C and COn-Pt1@N[6]C, respectively.
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Fig. S56. In-situ electrochemical Raman spectra of interface adsorbed water at Con-Pti(@Nysy16)C surface.
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Fig. S57. In-situ Raman spectra electrochemical Raman spectra of interface adsorbed water at Con-Pti@N(61C
surface.
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Fig. S58. Raman area ratios of the (a) 4HB-H,O and (b) free-H>O at Cou-Pti1@N[s116)C and Con-Pti@N(6C surface.

Generally, the activation energy of water dissociation follows the sequence: free-H,O<2-coordinated hydrogen-
bonded water (2HB-H>0)<4HB-H,0, indicating that 4HB-H>O can transform into 2HB-H>O and free-H,O with

increasing potential.'®!7 As the applied potential becomes more negative, the area ratio of the 4HB-H,O exhibits a

sharp decline, whereas the area ratio of free-H»O experiences a rapid increase (Fig. S58).
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Fig. S60. (a) High-resolution XPS spectra of N 1s for Con-Pti@Nisy161C after 400 h AEMWE stability testing. (b)
Corresponding contents of Nje), N5, G-N, and O-N in Con-Pti@Nisy161C.
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Fig. S61. High-resolution XPS spectra of Pt 4f for Con-Pti@Ns)6)C after 400 h AEMWE stability testing.
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Fig. S62. High-resolution XPS spectra of Co 2p for Con-Pti@Nis1161C after 400 h AEMWE stability testing.

Transmission electron microscopy (TEM) analysis (Fig. S59a-d) demonstrates the structural integrity and spatial
retention of Co nanoparticles following prolonged AEMWE operation, with no observable morphological
degradation or particle agglomeration. Elemental mapping analysis (Fig. S59e-f) confirms the homogeneous
dispersion of Pt species at atomic scales. These findings were further corroborated by X-ray photoelectron
spectroscopy (XPS), which reveal no significant shifts in Pt 4/ binding energy signatures or alterations to the N-
coordination environment (Ns)/Nie ratios), thereby confirming the electrochemical stability of both Pt single-atom
active sites, Co nanoparticles and the nitrogen-doped carbon matrix under operational HER conditions. Collectively,
these post-characterizations validate the robustness of the catalyst architecture and its resistance to reconstruction

under reactive potentials (Fig. S60-62).
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Fig. S63. Gibbs free energy diagram of the alkaline HER process on Con-Pti@Ns51C.
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Fig. S64. Calculated PDOS of Pt 5d for Cou-Pti@Nis)161C, Con-Pti@N[61C, and Con-Pti@Ni5)C. The d-band center
of Pt in Cos-Pti@Nis/C is significantly close to the Fermi level, indicating extremely strong H" adsorption, which
could impede the desorption of H".
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Fig. S65. Differential charge density image of water adsorption on Co,.Pti@N(51C; the yellow and blue regions

represent charge accumulation and decrease, respectively.

Fig. S66. Water splitting model for Con-Pti@N5)C. The white, gray, blue, red, purple, and orange spheres represent
H, C, N, O, Co, and Pt atoms, respectively. Due to the instability of this structure, it underwent degradation during
the water-splitting process.
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Table S1. Recent advances in the regulation of types of N in single-atom catalysts.

Atoms | Type of N* Adjustment® Application® Ref
Ni Pyrrolic-N Nitrogen source (C3Ny) CO2RR 18
Fe Pyrrolic-N Nitrogen source (1, 10-phenanthroline) Fenton-like reactions 19
Cu Pyridine-N Nitrogen source (PPy-PEI hydrogels) NOsRR 20
Mo | Pyrrolic-N Nitrogen source (PDA) OER (Mo-pyrrolic-N) | 2!

Pyridine-N ORR (Mo-Pyridine-N)
Pt Pyrrolic-N Nitrogen source (CNT) HER 2
Pt Graphitic-N Nitrogen source (glycine or ammonia) ORR 3
Co Pyrrolic-N | Nitrogen source (C7H 0N, C4HgN2, and C2H4Ny) ORR (2¢) 24
Zn | Edge-N Pyrolysis atmosphere Fenton-like reactions | 2°
Fe Pyridine-N Pyrolysis atmosphere ORR 26
Mn | Pyrrolic-N Pyrolysis atmosphere ORR 27

2 The table indicates that the reported literature primarily focuses on achieving high proportions of single N-type
regulation.

> PDA: Polydopamine; PPy-PEI: Poly-Polyetherimide; CNT: Carbon Nanotubes.

¢COzRR: CO; reduction reaction; OER: Oxygen Evolution Reaction; ORR: Oxygen Reduction Reaction; NO3;RR:
NO; Reduction Reaction.
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Table S2. Structural parameters of Pt foil and Con-Pti@NC extracted from the EXAFS fitting

Sample Bond type  CN R (A) 0% (103A2) R factor
ConPt@NpsyiC~ PEN 3.9:0.1 2.26+0.01 1.941.2 0.015
Cou-Pti@Nis,C PLN  3.840.2 2.25+0.02 15408 0.011
Pt foil Pt-Pt 12 2.76+0.01 4.5+0.2 0.003

Note: CN, coordination number; R, distance between the coordination atoms; 6%, Debye-Waller factors; R factor

(%) indicates the goodness of the fit. So? was fixed to 0.85 as determined from Pt foil fitting.

Table S3. Specific surface area, pore volume, and pore diameter information of Con@Ns/6C, Con@NsC, Con-
Ptl@Ns/ﬁc, and COn—Pt1@N6C.

Materials BET Surface Langmuir Surface Total pore Micropore Average pore
Area (m?/g) Area (m?/g) volume (cm?/g) volume (cm?/g) diameter (nm)
Con@Npsy161C 600.72 980.46 0.484 0.225 7.91
Con@Ni61C 144.36 410.05 0.331 0.040 15.80
Con-Pti@N|sy161C 515.97 859.91 0.417 0.193 7.59
Con-Pti@N[61C 134.31 401.86 0.283 0.037 14.95
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Table S4. Optimum fit parameters for the impedance data during HER in 1 M KOH.

Materials RJ/Q R1/Q CPE\/F R:/Q  CPEYF R3/Q CPE3/F
Cou-Pti@N5/6C 8.625 2.07 0.0099 14.82  0.00018 --- ---
Con-Pti@NsC 9.73 29 0.000028 73.5 0.0003 9.749 0.018
Pt/C 8.375 3.315 0.000009 21.94 0.0035 7.252 0.058
Co1-Pti@Ns6C 8.842 1.643 0.0015 29.39  0.0002 2.858 0.033
Co1-Pti@N¢C 8.647 1.825 0.000004 90.25 0.004 31.33 0.05
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Table S5. Comparison of the HER performance with other state-of-the-art noble-metal single-atom HER
electrocatalysts in alkaline.

Samples* Atom Loading  Electrolyte Tafel slope Overpotential Journal Ref.
(wt%) (KOH) (mV dec?) (mV atn10)
Pt;-NiCoP@MXene Pt 1 1M 38.6 26.5 Angew. Chem. Int. 2s
Edit. 2024

2D-Pti/LDH Pt 56 1M 323 23 Adv. Mater. 2
2022

Pt1/Mn304 Pt 5.0 1M 54 24 Energ. Environ. Sci. =l
2022

Pt-ACs/CoNC Pt 0.52 IM - 50 Nat. Commun. 2022 3

Pti/NMHCS Pt 1.59 1M 56 41 Adv. Mater. 22
2021

Pti/CoHPO Pt 0.57 0.1M 38.5 49 Nat. Commun. 2022 33

Pti@Fe-N-C Pt 2.1 0.1M 60 105 Adv. Energy Mater. &
2018

CoPt-PtSA/NDPCF Pt 0.281 1M 31 31 Adv. Funct. Mater. 35
2022

NGA-COF@P Pt 2.66 1M 24 19 Nat. Commun. 2024 %0

PtSA-Co(OH)2 Pt 2.8 1M 35 29 Energ. Environ. Sci. 37
2020

Pt@CoNs-G Pt 2.83 1M 29 39 Adv. Funct. Mater. &
2023

Pt/MVF Pt 1.79 1M 28 24 Nano Lett.2022 39

Pt/C60 Pt 21 1M 55 25 Nat. Commun. 2023 e

Pt-Ru/Ru0: Pt 1.36 1M 18.5 18 Nat. Commun. 2024 4

PtSA-NiO/Ni Pt 1.14 1M 27 26 Nat. Commun. 2021 g2

Con-Pt1@Nis116:C Pt 8.38 1M 28 17 This work
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Table S6. Quantitative ICP-OES analysis of Co loading in Co, @NC and Con-Pti@NC.

Materials Co (wt.%)?
Con@Nisy16C 4.4
Con@Nis/C 5.95
Con-Pti@Nsy16:C 3.98
Con-Pti@N(6C 5.18

2 Due to the large specific surface area of Con@N(s)161C, during the pickling process, a relatively large number of
Co particles were etched away because of their large contact area with the liquid.

Table S7. Comparison of AEMWE cell voltages using different cathodic catalysts.

Catalysts Cell voltage Temperature (°C) Journal Reference
(V @1A cm?)
Con-Pti@N[s1161C 1.82 70 This work

Ru—Mo»C 1.83 65 Energ. Environ. Sci, 2024 43
Ru SAs/WC, 1.79 80 J. Am. Chem. Soc., 2024 “
Pt-Ru/RuO» 1.90 60 Nat. Commun., 2024 4
Pt-AC/Cr—N-C 1.90 80 J. Am. Chem. Soc., 2023 +
PtCeo 2.01 60 Nat. Commun., 2023 46
UP-RuNisas/C 1.95 70 Nat. Commun., 2024 47
PtsasNi 1.90 70 J. Energy Chem.,2024 48
Ru/PNC 1.94 60 J. Am. Chem. Soc., 2025 49
Pt—NiOx-H,/C 1.74 60 Angew. Chem. Int. Ed. 2025 30
Cl-Pt/LDH 1.87 60 Nat. Commun., 2022 51
Pt/NiCoP@MXene 1.78 60 Angew. Chem. Int. Ed., 2024 2
Pt-MoAl-.B 2.00 60 Energy Environ. Sci., 2023 53
Pt;/CoHPO 1.80 80 Nat. Commun., 2022 34
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Pt/C 2.04 60 Int. J. Hydrog. Energy, 2022 33

PtRu/C 1.63 @2 A cm? 60 Nat. Energy, 2020 36

PtSA-NiSe-V 2.05@500 mA cm™ 25 Angew. Chem.Int. Ed., 2023 37
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