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1. TEM images and particle size distribution

Figure S1. Additional TEM images of the Ru hcp (a,b,c), Ru fcc (d,e,f), and commercial Ru/C (g,h,i) samples showing quite 
monodisperse primary particles of a few nanometers in diameter that form agglomerates for both synthesized samples. The Ru/C 
sample shows much more anisotropic particle shapes and highlights the distribution of the particles across the carbon filler. 



 Figure S2.  Average particle size distribution of the Ru fcc and Ru hcp samples.

Figure S3. HR-TEM imaging and their respective FFTs indexed according to hcp for the Ru hcp sample (a,b,c,d ), to fcc for the Ru fcc 
sample (e,f), and to hcp for the commercial Ru/C sample(g,h).



2. Rietveld refinements

Microstructural information about the samples was obtained by performing Rietveld refinements of the PXRD data in the FullProf 
suite using the Thompson-Cox-Hastings pseudo-Voigt formalism.[1] Instrumental peak broadening was taken into account by using 
an instrumental resolution file based on a measurement of a LaB6 standard sample without any microstructural peak broadening. 
Anisotropic peak broadening was observed and this was modeled using the “Platelet Vector Size” model as implemented in FullProf 
with the close-packed directions defined as unique axes ([001] for the hcp sample and [111] for the fcc sample. This allowed extraction 
of crystallite sizes through refinement of the parameters Y and SZ – average crystallite sizes are reported below. Furthermore, unit 
cell parameters were refined along with a scale factor and zero point correction. The background was modeled using linear 
interpolation between 3-4 manually selected point with refinable heights. Atomic B-values for Ru were fixed to 0.2.

Table S1. Parameters from Rietveld refinements

Sample Ru hcp Ru fcc
Space group P63/mmc Fm-3m
RBragg 3.22 4.69
RF 2.57 3.55
a [Å] 2.7051(4) 3.955(1)
c [Å] 4.2994(6) -
Y 1.568(8) 17.8(1)
SZ 5.0(3) -241(3)
Avg. crystallite size [nm] 3.3(2) 1.0(3)

3. STEM-EDS Elemental Mapping

Figure S4. HAADF image and STEM-EDS elemental maps of the Ru hcp sample. STEM-EDS spectrum obtained for the Ru hcp sample 
with all major peaks indexed showing the presence of oxygen in addition to ruthenium. The additional peaks from Cu and C stem 
from the TEM grid.



Figure S5 – HAADF image and STEM-EDS elemental maps of the Ru fcc sample. STEM-EDS spectrum with all major peaks indexed 
showing the presence of oxygen in addition to ruthenium. The additional peaks from Cu and C stem from the TEM grid.



Figure S6. HAADF image and STEM-EDS elemental maps of the commercial Ru/C sample. STEM-EDS spectrum with all major peaks 
indexed showing the presence of oxygen in addition to ruthenium. The additional peaks from Cu and C stem from the TEM grid and 
C is also attributed to the Vulcan present in the sample.



4. XPS Spectra

Figure S7. XPS of the Ru hcp (a,b), the Ru fcc (c,d) and the Ru/C (e,f) for C1s, Ru 3d and O 1s. Ru 3d peaks are distinguished further 
for 3/2 and 5/2 spin states. 

5. TGA Analysis

The mass loss in the Ru fcc in the temperature interval 50 °C -180 °C is different from the Ru hcp. However, in general, the mass loss 
of the organic ligand is about 9.5% for both samples in the temperature range 50–600°C. 



Figure S8. TGA of  Ru-hcp and Ru-hcp

5. HER testing protocol

Figure S9. Testing protocol adopted for HER testing of all catalyst films deposited on glassy carbon (GC) rotating disk electrodes (RDE). 
The protocol consisted of linear sweep voltammetry (LSV), cyclic voltammetry (CV) for determination of electrochemically active 
surface areas (ECSAs), chronopotentiometry (CP) and electrochemical impedance spectroscopy (EIS).



6. Comparison of HER activity in alkaline conditions

Table S2. Comparison of most relevant Ru-based HER electrocatalysts in alkaline conditions.

Catalyst Electrolyte Size [nm]  [mV]*𝜂10 Tafel slope
[mV/dec]

Reference

Ru hcp 1 M NaOH 3.3(2) 46 16 (CV) 21 (EIS) This work
Ru fcc 1 M NaOH 1.0(3) 54 28 (CV) 38 (EIS) This work
Comm. Ru/C 1 M NaOH 3(1) 51 27 (CV) 32(EIS) This work
Comm. Pt/C 1 M NaOH - 110 43 (CV) This work
RuO2-NWs@g-CN 0.5 M KOH 10-40 X 100-

200
95 70 [2]

Ru@C2N 1 M KOH 1.6 17 38 [3]

Hydrous RuO2 1 M KOH ≈25 60 - [4]

Crystalline RuO2 1 M KOH ≈25 74 - [4]

Ru-HPC 1 M KOH 2.87 ≈5 33.9 [5]

PP-Ru/RuO2-GC 1 M NaOH 1.5(3) 25 65 [6]

Ru/C 1 M KOH 1.73(47) 24 33 [7]

0.27-RuO2@C 1 M KOH 5 20 46 [8]

Anhydrous-RuO2@C 1 M KOH 150 63 62 [8]

fcc Ru/g-C3N4/C 0.1 M KOH 2 79 - [9]

Ru fcc/hcp nanodendrites 1 M KOH ≈2 43.4 49 [10]

* Overpotential required to reach 10 mA/cm2.

7. PXRD of Ru/C and Pt/C reference samples

Figure S10. PXRD patterns of all tested samples including two commercial reference samples indicating that the commercial Ru/C 
sample contains nanoparticles with the hcp structure.

7. Modeling of EIS spectra

All the obtained EIS spectra display two slightly depressed semi-circles in the Nyquist plots. The high frequency semi-circles are nearly 
constant as a function of potential whereas the lower frequency semi-circles decrease in diameter as a function of increasing 
overpotential indicating that these represent the HER reaction (see Figure S13 for Ru hcp). The presence of two semi-circles can be 
due to incomplete coverage of the GC electrode by the catalyst film, the presence of an oxidized surface layer or even due to reduction 
of ruthenium oxide. 



The EIS spectra could all be fitted using the model shown in Figure S14. This has previously been used to represent an electrode 
covered by an incomplete catalyst film (see fit results in table S4).[11] In this case, Q3 and R3 represent the interface between the 
catalyst film and the electrolyte. However, to take into account that the prepared films are not covering the electrode perfectly, Q1 
and R2 represent the interface between the bulk GC electrode and the electrolyte. R1 represents the uncompensated resistance, 
which is used for performing iR-corrections of the data. The fitted values of R3 were interpreted as the charge transfer resistance, 

, as these displayed the expected behavior of decreasing  with increasing overpotential for the HER reaction and they occurred 𝑅𝑐𝑡 𝑅𝑐𝑡
in the expected frequency range of the EIS spectrum (the semi-circle at lower frequency) for electron transfers occurring as part of 
the HER reaction.[12] The fitted values of R2 were approximately constant as a function of potential.

Figure S11. Nyquist plot of the obtained EIS spectra for the Ru hcp sample at varying overpotentials in the range -9 mV to 27 mV.

Figure S12. Equivalent circuit model used for fitting EIS data.



Table S3. Fitted parameters from equivalent circuit modeling of EIS spectra.

η (mV) R1 (Ω) Q1 (F sa-1) a1 R2 (Ω) Q3 (F sa-1) a3 R3 (Ω)
Ru hcp new film
-8.55 22.37 0.00124 0.875 18.71 0.0135 0.999 906.2
5.45 22.66 0.00105 0.862 18.75 0.0116 0.986 371.1
15.45 21.76 0.00152 0.726 19.46 0.00988 0.948 174.9
27.45 21.73 5.43E-4 0.864 15.66 0.0102 0.864 60.01
Ru hcp after 12 h @ 10 mA/cm2

-8.55 25.42 0.00101 0.908 43.42 0.00834 0.999 1263
5.45 24.15 8.69E-4 0.855 42.16 0.0066 0.968 573.9
15.45 23.84 0.00111 0.814 25.36 0.00809 0.963 241.5
27.45 23.16 0.00111 0.754 26.62 0.00732 0.908 80.62
Ru fcc new film
-8.55 16.6 5.83E-4 0.943 59.01 0.00496 0.986 726.9
27.45 15.3 9.35E-4 0.762 53.71 0.0045 0.999 69.91
37.45 16.5 4.84E-4 0.869 47.73 0.0051 0.931 42.09
47.45 16.6 4.46E-4 0.868 45.76 0.00694 0.861 24.88
Ru fcc after 12 h @ 10 mA/cm2

-8.55 16.2 5.46E-4 0.934 139.8 0.00399 1 1147
27.45 15.37 3.62E-4 0.921 92.84 0.00368 0.911 136.6
37.45 14.63 6.16E-4 0.824 36.17 0.00407 0.96 47.91
47.45 14.96 4.48E-4 0.865 54.61 0.00612 0.949 23.99
Comm. Ru/C new film
-8.55 18.9 4.95E-4 0.99 66.8 0.00462 1 858
27.45 17.45 6.04E-4 0.883 50.03 0.00625 0.963 77.09
37.45 17.56 5.78E-4 0.861 52.12 0.00888 0.988 33.35
47.45 17.66 5.43E-4 0.855 48.36 0.0149 1 14.36
Comm. Ru/C after 12 h @ 10 mA/cm2

-8.55 17.78 4.16E-4 0.988 207.3 0.00284 1 1453
27.45 14.55 4.62E-4 0.876 154.2 0.00466 1 135
37.45 15.41 3.98E-4 0.903 101.6 0.00631 0.965 67.21
47.45 15.15 3.29E-4 0.913 103.7 0.0119 0.903 32.4



8. Electrochemical active surface area (ECSA) determination and specific activities

Figure S13. Double-layer capacitance measurements to estimate electrochemically active surface areas (ECSAs) of unsupported 
homegrown Ru NPs in 1 M NaOH. Cyclic voltammograms were recorded in a non-Faradaic region at scan rates from 5 mV/s to 200 
mV/s. The cathodic and anodic charging current are plotted vs scan rate and double layer capacitance is determined from the average 
value of the linear fits. For hcp Ru NPs before (a,b) and after stability measurements (c,d) and fcc Ru NPs before (e,f) and after stability 
measurements (g,h).



Figure S14. a) Electrochemical active surface area (ECSA). b) Specific activity (normalized by ECSA) measured before and after 12 h 
stability tests at -10 mA/cm2.
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