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Experimental Section 

Materials 

 Ketjenblack EC-600JD was obtained from Mitsubishi Chemical. Ruthenium (III) chloride 

hydrate (RuCl3·xH2O, 99.9 %) and urea (99 %) were purchased from Sigma-Aldrich. Absolute 

ethanol was acquired from Fisher Scientific. Deionized (DI) water with a resistivity of 18.2 

MΩ·cm was supplied by a Millipore purification system. Carbon paper (Sigracet 39BB) was 

sourced from Fuel Cell Store. D521 Nafion ionomer dispersion (alcohol-based, 1100 EW, 5 

wt%) was purchased from DuPont. Isopropanol (IPA, 99.5 %) and 1.0 M KOH solution were 

obtained from Samchun Pure Chemical. 

 

Catalyst synthesis 

Preparation of Nitrogen-Doped Ketjenblack   

Nitrogen-doped Ketjenblack (NKB) was synthesized via a urea-assisted soft nitriding strategy 

based on a previously reported method.1 Briefly, 1.0 g of Ketjenblack EC-600JD and 1.5 g of 

urea were homogeneously mixed in an agate mortar to obtain a homogeneous mixture. The 

mixture was then transferred to an alumina crucible and thermally treated in air at 150 °C (ramp: 

2 °C min-1) for 2 h, followed by a second heating at 300 °C (ramp: 5 °C min-1) for another 2 h. 

After cooling to room temperature, the resulting powder was dispersed in a 1:1 (v/v) ethanol/DI 

water mixture and stirred at 60 °C for 2 h. The suspension was then filtered and sequentially 

washed with ethanol and DI water. The collected powder was dried in a vacuum oven at 80 °C 

for 12 h. 

 

Synthesis of Ru/NKB-T Catalysts 

Ru on nitrogen-doped Ketjenblack (Ru/NKB) catalysts were synthesized via a wet-

impregnation method followed by a controlled thermal reduction. 200 mg of NKB was 

dispersed in 20 mL of ethanol under vigorous stirring, followed by the dropwise addition of a 

RuCl3·xH2O solution (5 wt% in DI water). After sonication, the suspension was dried at 50 °C 

under stirring and further dried in a vacuum oven at 50 °C for 12 h. The dried powder was then 

transferred to an alumina crucible and reduced in a flowing 10 % H2/Ar atmosphere. The 

samples were annealed at target temperatures (200, 350, 500, 650, and 800 °C) with a ramping 

rate of 1 °C min-1 and maintained for 2 h. The final catalysts were denoted as Ru/NKB-T, where 

T represents the annealing temperature.  
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Characterizations 

 High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

and energy-dispersive X-ray spectroscopy (EDS) mapping were acquired using a double Cs-

corrected transmission electron microscope (Spectra Ultra, Thermo Fisher Scientific). X-ray 

diffraction (XRD) patterns were collected using an X-ray diffractometer (SmartLab, Rigaku) 

equipped with Cu Kα radiation (λ = 1.541 Å). Elemental analysis of C, H, N, and S was 

conducted using a FlashSmart elemental analyzer (Thermo Fisher Scientific), while the oxygen 

content was determined with a Flash 2000 series elemental analyzer (Thermo Scientific). X-

ray photoelectron spectroscopy (XPS) measurements were carried out using an Axis Supra 

spectrometer (Kratos) with Al Kα radiation. Inductively coupled plasma mass spectrometry 

(ICP-MS) analysis was performed using an ICP-MS 7700S (Agilent). X-ray absorption 

spectroscopy (XAS) at the Ru K-edge was conducted at the 8C Nano XAFS and 10C Wide 

XAFS beamlines of the Pohang Accelerator Laboratory (PAL), Korea. Spectra were collected 

in both transmission and fluorescence modes. A Ru foil reference was measured 

simultaneously for energy calibration. Data processing, including background subtraction and 

normalization, and linear combination fitting (LCF) were performed using Athena, while 

Fourier-transformed k2-weighted X-ray absorption fine structure (FT-EXAFS) fitting was 

carried out using Artemis within the Demeter software package. The amplitude reduction factor 

(So
2) was obtained from Ru foil fitting. Wavelet transform EXAFS (WT-EXAFS) analyses 

were performed using the Morlet wavelet with η·σ values of 10 for overview maps and 36 for 

detailed analysis.2 

 

Electrochemical measurements 

 Electrochemical measurements were performed at a Reference 600 potentiostat (Gamry 

Instruments) in a standard three-electrode system. A rotating disk electrode (RDE) with a 

glassy carbon disk (diameter: 5 mm) was used as the working electrode, while a graphite rod 

and an Hg/HgO electrode (in 1.0 M NaOH) were used as the counter and reference electrodes, 

respectively. The reference electrode was calibrated in H2-saturated 1.0 M KOH using Pt wires 

as both working and counter electrodes, yielding a potential offset of - 0.928 V versus the 

reversible hydrogen electrode (RHE). To prepare the catalyst ink, 2.7 mg of the synthesized 

catalyst was dispersed in a mixture of 380 μL DI water, 600 μL isopropanol, and 20 μL Nafion 

ionomer solution (D521) and sonicated for 2 h. A 12 μL aliquot of the ink was drop-cast onto 

the rotating disk electrode (RDE) surface three times, resulting in a total catalyst loading of 

approximately 0.5 mg cm-2. For comparison, commercial 20 wt% Pt/C (HISPEC 3000, Johnson 
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Matthey) and 20 wt% Ru/C (Premetek) catalysts were deposited onto the RDE to achieve a 

noble-metal loading of 15 μgNM cm-2, identical to that of Ru/NKB-500. In addition, Pt/C with 

a higher noble-metal loading of 42 μgNM cm-2 (corresponding to its nominal loading) was also 

evaluated.3 

All electrochemical measurements were conducted in H2-saturated 1.0 M KOH electrolyte 

after purging with H2 for at least 10 min. Linear sweep voltammetry (LSV) was performed at 

a rotation speed of 1,600 rpm with a scan rate of 1 mV s-1, and iR compensation was applied. 

Electrochemical impedance spectroscopy (EIS) measurements were carried out over a 

frequency range from 100 kHz to 100 mHz with a perturbation amplitude of 5 mV at - 30 mV 

vs. RHE. To minimize capacitive current contributions, Tafel slopes were derived from multi-

step chronopotentiometry by holding each current step for 20 s with logarithmic current density 

intervals of 0.05 in log[j (mA cm-2)]. Stability tests were evaluated by chronopotentiometry at 

a constant current density of - 20 mA cm-2 for 86,400 s. 

 

Calculation of Electrochemical Surface Area  

Electrochemical Surface Area (ECSA) was estimated by evaluating the electrochemical 

double-layer capacitance (Cdl) of the catalysts. Cyclic voltammetry (CV) was performed in H2-

saturated 1.0 M KOH within a non-Faradaic potential window of 0.3-0.4 V vs. RHE at scan 

rates of 20, 40, 60, 80, and 100 mV s-1. For each scan rate, five consecutive CV cycles were 

recorded, and the current density values from the final cycle were used. The capacitive current 

density (Δj/2) at 0.35 V vs. RHE was determined as (janodic − jcathodic)/2, and Cdl was obtained 

from the slope of the linear fit of Δj/2 versus scan rate. The ECSA was calculated using the 

following equation: 

𝐸𝐶𝑆𝐴 =
𝐶𝑑𝑙

𝐶𝑠
𝑆 

where Cs is the specific capacitance of a smooth planar surface, which is typically considered 

in the range of 20-60 μF cm-2. In this work, Cs=40 μF cm-2 was adopted. All samples were 

evaluated under identical conditions, allowing a consistent comparison of relative ECSA values. 

The real surface area S was assumed to be equivalent to the geometric area of the glassy carbon 

electrode (S = 0.19635 cm2). 

 

AEMWE electrode fabrication and single-cell measurements 

The electrodes for anion exchange membrane water electrolysis (AEMWE) were fabricated 

by spray-coating catalyst inks onto substrates. For the cathode, Ru/NKB-T catalyst powder was 
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dispersed in DI water and subsequently mixed with an anion exchange ionomer and isopropyl 

alcohol, with an ionomer-to-catalyst (I/C) ratio of 0.1. The obtained catalyst ink was hand-

sprayed onto a gas diffusion layer (Sigracet 39BB, thickness: 315 μm) with an exposed active 

area of 1.0 cm2. For comparison, the commercial PtRu/C (Sigma-Aldrich, 738573) and Pt/C 

(Tanaka K.K., 37.3 wt%) -based cathodes were also prepared using the same procedure. The 

loading amount of noble metal (NM) for the cathode was fixed at approximately 0.15 mg cm-

2. For the anode, a home-made NiFe alloy catalyst was used to fabricate the anode for 

AEMWE.4 The anode catalyst was spray-coated onto Ni felt (Bekaert, 2Ni18-025, thickness: 

250 μm) with a catalyst loading of 2.0 mg cm-2.  

For the AEMWE single cell configuration, the anion exchange membrane (Dioxide materials, 

X37-50 Grade RT, thickness: 50 μm) was positioned between the as-prepared cathode and 

anode to assemble the zero-gap MEA. The gasket thicknesses for the cathode and anode sides 

were 250 μm and 230 μm, respectively. Prior to AEMWE operation, the cell temperature was 

raised to 50 °C and preheated 1.0 M KOH electrolyte was supplied to both the cathode and 

anode sides at a flow rate of 20 mL min-1. To evaluate high-temperature performance and long-

term durability, additional AEMWE operation was conducted using a PiperION anion 

exchange membrane (Versogen, thickness: 20 μm). Chronopotentiometry was employed to 

assess the operational stability of the AEMWE cell at a constant current density of 1.0 A cm-2 

for 400 h, while all other operating conditions were kept identical. 

 

In situ XAS measurement 

In situ XAS experiments were conducted at the 10C Wide XAFS beamline at PAL using a 

custom-designed three-electrode electrochemical cell. The working electrode was fabricated 

by spray-coating the catalyst ink onto carbon paper (Sigracet 39BB) to achieve a Ru loading 

of 0.15 mgNM cm-2. The catalyst ink was prepared by dispersing 30 mg of the Ru/NKB-T 

catalyst in a mixture of 300 μL DI water, 1500 μL isopropanol, and 130 μL Nafion solution. A 

graphite rod and an Hg/HgO electrode were employed as the counter and reference electrodes, 

respectively. During the measurements, 1.0 M KOH electrolyte was continuously circulated at 

a flow rate of 0.1 mL min-1. XAS spectra were collected in both transmission and fluorescence 

modes under chronoamperometric conditions. Each applied potential was held for at least 10 

min to ensure steady-state conditions before data acquisition. 

 

In situ ATR-SEIRAS measurement 
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In situ attenuated total reflection surface-enhanced infrared absorption spectroscopy (ATR-

SEIRAS) measurements were conducted. An Au-coated Si prism (PIKE, 60⁰ of the incident 

angle and 2 cm in diameter) was used due to its excellent compatibility with uniform metal 

film deposition and strong plasmonic enhancement for SEIRAS signals. The Au thin film, 

serving as the SEIRAS active layer, was prepared on the Si substrate by electroless plating.5 

After coating gold, catalyst ink was spray-coated onto the Au-coated surface. The catalyst ink 

was prepared by mixing 100 μL of a 1 wt% catalyst dispersion (prepared in DI water), 50 μL 

of isopropyl alcohol, and 2 μL of Nafion 117 solution (5 wt% mixture in alcohol and water, 

Sigma-Aldrich). The prepared substrate was then mounted in a Pyrex reactor for SEIRAS 

measurements. 

The SEIRAS cell was connected to a VERTEX 80v FT-IR spectrometer (Bruker) equipped 

with an MCT detector and a variable-angle ATR accessory (Veemax III, Pike Technologies). 

Spectra were collected in absorbance mode at a resolution of 4 cm-1.  

Electrochemical measurements were performed using the Au-coated substrate as the working 

electrode, Ag/AgCl as the reference electrode, and a Pt wire as the counter electrode in Ar-

purged 1.0 M KOH. Stepwise chronoamperometry was conducted by holding potentials from 

0 V to - 0.3 V (vs. RHE) in 0.05 V increments. 

 

DFT calculations 

Density functional theory (DFT) calculations were performed using the Vienna Ab initio 

Simulation Package (VASP).6, 7 The Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional within the generalized gradient approximation (GGA) was employed together with 

projector augmented wave (PAW) pseudopotentials.8, 9 A plane-wave kinetic energy cutoff of 

450 eV was applied for all calculations. Electronic self-consistency was converged to 1 x 10-5 

eV, and ionic relaxations proceeded until residual forces fell below 0.05 eV/Å . All calculations 

were spin-polarized, and reciprocal space was sampled at the Gamma point for all cluster and 

single-atom models. Bader charge analysis was performed to quantify charge redistribution 

between Ru and the carbon support. 

Three computational models were constructed to represent the size-dependent atomic 

structures of Ru catalysts. For the atomically dispersed Ru/NKB-200, a single Ru atom 

coordinated with three nitrogen atoms (Ru-N3) was embedded in a graphene substrate. For the 

sub-nanometer Ru/NKB-500 and the larger nanocluster Ru/NKB-800, icosahedral Ru55 and 

Ru147 cluster models were adopted, respectively, to capture the experimentally observed size 

difference. Gibbs free energies (G) were obtained by correcting DFT total energies (E) with 
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the zero-point energy (ZPE) and entropic contributions (S) at T = 298.15 K according to ∆G = 

E + ∆ZPE - T∆S.  

The computational hydrogen electrode (CHE) model was applied to describe the 

thermodynamics of proton-electron transfer steps, where the chemical potential of a proton-

electron pair (H+ + e-) is referenced to one-half the chemical potential of gaseous H2 at standard 

conditions.10 

 

Molecular dynamics simulations of interfacial water structure 

Molecular dynamics (MD) simulations based on the NequIP-OAM-XL pretrained machine-

learning interatomic potential (MLIP) were carried out to investigate the hydrogen-bond 

network of interfacial water on Ru surfaces with different atomic configurations.11, 12 

Simulation cells were constructed by placing a 20 Å  layer of explicit water molecules on the 

respective Ru surface models, with a 10 Å  vacuum region along the surface-normal direction 

to prevent periodic image interactions. All MD simulations were performed in the NVT 

ensemble at 300 K using a Langevin thermostat. Production trajectories were extended to 1 ns 

for each system, and five independent runs per sample were carried out to ensure statistical 

reliability. 

Hydrogen-bond analysis was performed using the HydrogenBondAnalysis module 

implemented in MDAnalysis.13 A hydrogen bond was identified when the O∙∙∙O distance 

between the donor and acceptor was 3.5 Å  or less and the O-H∙∙∙O angle was 140 degrees or 

greater. 
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Fig. S1 Representative HAADF-STEM images of Ru/NKB-200 at different magnifications.   
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Fig. S2 HAADF-STEM characterization of Ru/NKB-350. (a) Representative HAADF-STEM images 

of Ru/NKB-350 at different magnifications. (b) Corresponding particle size distribution histogram. 
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Fig. S3 HAADF-STEM characterization of Ru/NKB-500. (a) Representative HAADF-STEM images 

of Ru/NKB-500 at different magnifications. (b) Corresponding particle size distribution histogram.  
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Fig. S4 HAADF-STEM characterization of Ru/NKB-650. (a) Representative HAADF-STEM images 

of Ru/NKB-650 at different magnifications. (b) Corresponding particle size distribution histogram.  



12 
 

 
 
Fig. S5 HAADF-STEM characterization of Ru/NKB-800. (a) Representative HAADF-STEM images 

of Ru/NKB-800 at different magnifications. (b) Corresponding particle size distribution histogram.  



13 
 

 
 

Fig. S6 HAADF-STEM images and corresponding EDS elemental mapping of Ru/NKB-T catalysts. 

Representative images and elemental mapping of (a) Ru/NKB-200, (b) Ru/NKB-350, (c) Ru/NKB-500, 

(d) Ru/NKB-650, and (e) Ru/NKB-800 (red: Ru, green: C). 
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Fig. S7 XRD patterns of NKB and Ru/NKB-T (T = 200, 350, 500, 650, and 800 ℃), with the reference 

diffraction peaks of metallic Ru (PDF#88-1734) indicated. 
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Fig. S8 LCF analysis of Ru K-edge XANES spectra for the Ru/NKB-T catalysts. Experimental Ru K-

edge XANES spectra and corresponding LCF results obtained using Ru foil and RuO2 as reference 

spectra for (a) Ru/NKB-200, (b) Ru/NKB-350, (c) Ru/NKB-500, (d) Ru/NKB-650, and (e) Ru/NKB-

800. Dotted and solid lines represent the experimental spectra and LCF fits, respectively. (f) Comparison 

of the average Ru oxidation states derived from edge position and LCF. Note: The distinct coordination 

environment of the atomically dispersed Ru/NKB-200 cannot be fully represented by the bulk Ru foil 

and RuO2 reference spectra.14 Nevertheless, the LCF result was used as a relative spectral descriptor for 

comparing the oxidized Ru contribution across the Ru/NKB-T series.  
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Fig. S9 Ru 3p XPS spectra of Ru/NKB-T catalysts (T = 200, 350, 500, 650, 800 ℃). 
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Fig. S10 XPS survey spectra of Ru/NKB-T catalysts. (a) Ru/NKB-200, (b) Ru/NKB-350, (c) Ru/NKB-

500, (d) Ru/NKB-650, and (e) Ru/NKB-800. 
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Fig. S11 Nitrogen content of Ru/NKB-T catalysts determined by CHNS elemental analysis (T = 200, 

350, 500, 650, and 800 ℃). 
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Fig. S12 Raman spectra of Ru/NKB-T catalysts (T = 200, 350, 500, 650, and 800 ℃). 
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Fig. S13 Ru K-edge EXAFS experimental data and fitting results in R-space. The left panels show the 

experimental EXAFS magnitude and individual scattering paths used for fitting, whereas the right 

panels present the corresponding R-space fits including magnitude and imaginary components for (a) 

Ru/NKB-200, (b) Ru/NKB-350, (c) Ru/NKB-500, (d) Ru/NKB-650, (e) Ru/NKB-800, (f) Ru foil, and 

(g) RuO2. 
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Fig. S14 Ru K-edge WT-EXAFS contour plots. The plots display the k2-weighted χ(k) signals for (a) 

Ru/NKB-200, (b) Ru/NKB-350, (c) Ru/NKB-500, (d) Ru/NKB-650, (e) Ru/NKB-800, (f) Ru foil, and 

(g) RuO2.  
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Fig. S15 Detailed Ru K-edge WT-EXAFS contour plots for the second coordination shell to distinguish 

Ru-O-Ru and Ru-Ru scattering paths. (a) Ru/NKB-T catalysts (T = 350, 500, 650, and 800 ℃), (b) Ru 

foil, and (c) RuO2.  
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Fig. S16 Atomic models and charge density distributions of Ru55-based Ru/NKB-500 models with 

different degrees of surface oxidation. Atomic structures of carbon-supported (a) metallic Ru55 and 

oxidized Ru55 models with (b) lower oxygen coverage and (c) higher oxygen coverage. Corresponding 

charge density distributions and average Bader charges of Ru for (d) metallic Ru55 and oxidized Ru55 

models with (e) lower oxygen coverage and (f) higher oxygen coverage. 
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Fig. S17 LSV polarization curves for the alkaline hydrogen evolution reaction (HER) measured on 

Ru/NKB-500, Pt/C, and Ru/C at the same metal loading (15 μg cm-2). For comparison, Pt/C was also 

evaluated at a higher nominal loading (42 μg cm-2).  
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Fig. S18 Comparison of the overpotentials required to reach a current density of 10 mA cm-2 and the 

mass activities calculated at - 100 mV (vs. RHE) for Ru/NKB-500, Pt/C (15 μg cm-2 and 42 μg cm-2), 

and Ru/C catalysts.  
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Fig. S19 Tafel plots measured for Ru/NKB-500, Pt/C (15 μg cm-2 and 42 μg cm-2), and Ru/C catalysts.  
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Fig. S20 EIS Nyquist plots measured at - 30 mV vs. RHE in H2-saturated 1.0 M KOH. (a) Ru/NKB-T 

catalysts (T = 200, 350, 500, 650, and 800 ℃). (b) Ru/NKB-500 compared with Pt/C and Ru/C. 
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Fig. S21 CV curves and double-layer capacitance analysis. CV curves recorded at scan rates of 20, 40, 

60, 80, and 100 mV s-1 for (a) Ru/NKB-200, (b) Ru/NKB-350, (c) Ru/NKB-500, (d) Ru/NKB-650, and 

(e) Ru/NKB-800. (f) Linear fitting of the capacitive current as a function of scan rate and the 

corresponding Cdl values.  

  



29 
 

 

 

Fig. S22 Calculated ECSA and ECSA-normalized current densities. (a) ECSA values and ECSA-

normalized current densities at overpotentials of (b) - 20 mV, (c) - 50 mV, (d) - 100 mV, and (e) - 120 

mV for Ru/NKB-T catalysts (T = 200, 350, 500, 650, and 800 ℃). 
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Fig. S23 Chronopotentiometric stability test of Ru/NKB-500 and Pt/C for the alkaline HER at a current 

density of - 20 mA cm-2.  
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Fig. S24 EIS Nyquist plots of AEMWE cells recorded at a cell voltage of 1.8 V. (a) Comparison of 

Ru/NKB-T cathodes (T = 200, 500, and 800 ℃) and (b) Comparison of Ru/NKB-500 with commercial 

Pt/C and PtRu/C benchmarks. 
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Fig. S25 Performance evaluation of AEMWE cells employing Ru/NKB-500 cathodes at 50 °C. (a) 

Polarization curves measured with different NM loadings (0.03, 0.075, and 0.15 mgNM cm-2) and 

temperature 50 ℃. (b) Current densities at a cell voltage of 2.0 V as a function of NM loading. (c) 

Corresponding mass activities and price activities calculated at 2.0 V.  
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Fig. S26 Performance comparison of AEMWE cells employing Ru/NKB-500 cathodes at 80 °C with 

0.125 mgNM cm-2. (a) Polarization curves measured with different NM loadings and temperatures (50 ℃ 

and 0.15 mgNM cm-2, 80 ℃ and 0.125 mgNM cm-2). (b) Current densities at a cell voltage of 1.8 V and 

2.0 V. (c) Corresponding mass activities and price activities calculated at 2.0 V. 
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Fig. S27 Current densities at 1.8 V collected from previously reported AEMWE systems operated at 

low temperatures (50-90 ℃). Each data point is labeled with the corresponding catalyst and reference. 

The red star denotes the performance achieved in this work. Literature references are listed in Table S5. 
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Fig. S28 LCF analysis of in situ Ru K-edge XANES spectra for Ru/NKB-500. Experimental Ru K-edge 

XANES spectra and corresponding LCF results obtained using Ru foil and RuO2 as reference spectra 

for Ru/NKB-500 measured at (a) OCV, (b) 0 mV, (c) - 10 mV, (d) - 20 mV, (e) - 50 mV, (f) - 100 mV, 

and (g) OCV after HER. Dotted and solid lines represent the experimental spectra and LCF fits, 

respectively. (h) Comparison of the average Ru oxidation states derived from edge position and LCF 

under applied HER potentials. 
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Fig. S29 In situ Ru K-edge XANES spectra and average Ru oxidation states. The spectra were recorded 

at open circuit voltage (OCV) and applied potentials of 0 mV and - 50 mV (vs. RHE) for (a) Ru/NKB-

200, (b) Ru/NKB-500, and (c) Ru/NKB-800. Ru foil and RuO2 are plotted as references, and the insets 

display magnified views of the absorption edge shifts. Corresponding average Ru oxidation states 

derived from edge position for (d) Ru/NKB-200, (e) Ru/NKB-500, and (f) Ru/NKB-800. 
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Fig. S30 In situ Ru K-edge WT-EXAFS contour plots of Ru/NKB-500 recorded at OCV, and applied 

potentials of 0 mV and - 50 mV (vs. RHE), and OCV after HER. 
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Fig. S31 In situ Ru K-edge WT-EXAFS contour plots of Ru/NKB-200 recorded at OCV, and applied 

potentials of 0 mV and - 50 mV (vs. RHE). 
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Fig. S32 In situ Ru K-edge WT-EXAFS contour plots of Ru/NKB-800 recorded at OCV, and applied 

potentials of 0 mV and - 50 mV (vs. RHE). 
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Fig. S33 In situ electrochemical ATR-SEIRAS spectra in the O-H stretching region (3800-2800 cm-1). 

The spectra were recorded in 1.0 M KOH under applied potentials from 0 to - 0.3 V (vs. RHE) for (a) 

Ru/NKB-200, (b) Ru/NKB-500, and (c) Ru/NKB-800. The colored shaded areas represent the 

deconvoluted components of interfacial water molecules. (red: gap H2O, blue: above-gap H2O, yellow 

K+∙H2O). 
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Fig. S34 In situ ATR-SEIRAS spectra in the O-H stretching region (3800-2800 cm-1) recorded in 1.0 M 

KOH under applied potentials from 0 to - 0.3 V vs. RHE. (a) Deconvoluted O-H stretching bands of 

Pt/C. Colored shaded areas represent the deconvoluted components of interfacial water molecules. (red: 

gap H2O blue: above-gap H2O, yellow K+∙H2O). (b) Potential-dependent comparison of the relative 

proportion of gap H2O for Ru/NKB-500 and Pt/C. 
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Fig. S35 Atomic models of Ru surfaces used for DFT calculations of H* and OH* adsorption. (a) 

Ru/NKB-200, (b) metallic and (c) oxidized surface models for Ru/NKB-500, and (d) Ru/NKB-800. For 

each row, the left, middle, and right panels correspond to the pristine surface model, the H*-adsorbed 

model, and the OH*-adsorbed model, respectively. 
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Fig. S36 Atomic models of Ru clusters used for DFT calculations. (a) Ru55 cluster model for Ru/NKB-

500. (b) Ru147 cluster model for Ru/NKB-800. 
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Fig. S37 Ru-N3 coordination model for Ru/NKB-200 supported by in situ FT-EXAFS analysis. (a) Ru-

N3 model for Ru/NKB-200. (b) In situ FT-EXAFS spectra of Ru/NKB-200 compared with RuCl3 

reference, showing the disappearance of Ru-Cl coordination. 
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Fig. S38 Computational models and representative MD snapshots for interfacial water simulations. 

Representative MD snapshots of interfacial water structure (top) and the corresponding structural 

surface models (bottom) for (a) oxidized Ru (0001) slab, and (b) metallic Ru (0001) slab.  
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Supplementary Tables 

 
Table S1. Ru metal contents (wt%) of Ru/NKB-T catalysts measured by ICP-MS. 
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Table S2. LCF results derived from Ru K-edge XANES spectra for Ru/NKB-T catalysts (T = 200, 350, 500, 

650 and 800 ℃). The average Ru oxidation state was calculated by assigning oxidation states of 0 and 

+ 4 to Ru foil and RuO2, respectively. 
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Table S3. Structural parameters derived from Ru K-edge EXAFS fitting results for Ru/NKB-T catalysts and 

reference standards. CN: coordination number, R: interatomic distance, and σ2: Debye-Waller factor. The 

goodness of fit is represented by R-factor (weighting: k2) 
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Table S4. Comparison of alkaline HER performances of Ru/NKB-500 with other recently reported Ru-based 

electrocatalysts on 1.0 M KOH condition. The comparison parameters included NM mass loading, overpotential 

at - 10 mA cm-2 and Tafel slope. 
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Table S5. Comparison of average market prices of Ruthenium and Platinum in recent 3 months from various 

sources. All prices are converted to USD g-1
. 
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Table S6. Comparison of AEMWE performance for Ru/NKB-500 and other recently reported Ru-based cathode 

catalysts in cells utilizing commercial membranes. 
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Table S7. LCF results derived from in situ Ru K-edge XANES spectra for Ru/NKB-T catalysts (T = 200, 500 

and 800 ℃). The average Ru oxidation state was calculated by assigning oxidation states of 0 and + 4 

to Ru foil and RuO2, respectively. 
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