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Figure S1. Electron density difference map of Ru/NCDs, where a loss of electrons is

indicated in blue, and electron enrichment is indicated in yellow.



Figure S2. The DOS plots of (a) Rug, at the top and (b) Ruy at the interface, the

position of the center of the d-band is marked by a dashed line.
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Figure S3. The corresponding ICOHP of Ru; at the top and Rugy at the interface.
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Figure S4. Schematic illustration for the synthesis of Ru/NCDs.
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Figure SS5. (a) Low-magnified TEM image of NCDs. (b) Size distribution histogram of

NCDs. (c) HRTEM images of NCDs.
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Figure S6. (a) UV-vis, PL excitation, and PL emission spectra of NCDs. (b) Excitation—
emission matrix of NCDs. The UV-vis spectrum of the NCDs presents an absorption
peak in the range of 250 ~ 300 nm, which is caused by the n-n* transition of aromatic
C=C bonds. According to photoluminescence experiments, the maximum excitation

wavelength and emission wavelength of NCDs are 370 and 445 nm, respectively.
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Figure S7. (a) XPS survey scan of NCDs. (b) High-resolution XPS spectra of C 1s of
NCDs. In the high-resolution XPS spectra of C Is, three separated peaks centered at
287.6 eV (C=0 bond), 286.3 eV (C-N/C-O bond), and 284.8 eV (C=C bonds) are
observed. (c) High-resolution XPS spectra of N 1s of NCDs. The three peaks in the
high-resolution N 1s spectrum are ascribed to graphitic N (401.2 eV) pyrrolic N (399.7
eV) and pyridinic N (398.7 eV). High-resolution XPS spectra of O 1s of NCDs. O 1s
spectra can be deconvoluted into three peaks, and the peaks at 533.1, 532.3, and 531.3

eV are attributed to the -OH, -C-0O, and -C=0, respectively.
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Figure S8. High-resolution XPS spectrum of Ru 3p of Ru/NCDs.
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Figure S9. High-resolution XPS spectrum of O 1s of Ru/NCDs. The peaks at 533.7,
532.0 and 530.5 eV in the high-resolution O 1s spectra are part of the -OH, -C=0 and

Ru-O bonds of Ru/NCDs, which proves that the Ru/NCDs are rich in functional groups

on the surface and the Ru nanoparticles are tightly connected to the NCDs.
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Figure S10. High-resolution XPS spectrum of C 1s of Ru/NCDs. The binding energies

located at 287.8, 285.6 and 284.7 eV correspond to the C=0, C-N/C-O and C=C bond,

respectively.



N 1s

Intensity (a.u.)

I . 1 L I
410 405 400
Binding Energy (eV)
Figure S11. High-resolution XPS spectrum of N 1s of Ru/NCDs. The binding energies

of N element appearing at 405.5, 401.1, 400.3 and 398.4 eV correspond to the oxidized

N, graphitic N, pyrrolic N and pyridinic N, respectively.



Figure S12. TEM images of Ru/NCDs under different magnifications.



Figure S13. The SEAD pattern recorded from the corresponding area.
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Figure S14. HAADF-STEM image and elemental mapping of C, N, O and Ru in

Ru/NCDs.



Figure S15. The configuration of adsorbing hydrogen atoms in the gaps of the carbon
substrate. The configuration of adsorbing hydrogen atoms in the gaps of the carbon
substrate is shown in the figure below, in which some carbon atoms are removed from
graphene to simulate the gaps in the carbon substrate. An appropriate amount of

hydrogen atoms was absorbed on the gap, and the average adsorption energy of

hydrogen atoms was calculated by the following formula :

E =

Et
avg ;

Among them, E g is the average adsorption energy, Etis the total adsorption energy of

multiple hydrogen atoms, # is the number of hydrogen atoms adsorbed.
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Figure S16. XRD pattern of Ru/NC.
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Figure S17. XPS survey scan of Ru/NC.
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Figure S18. High-resolution XPS spectrum of Ru 3p of Ru/NC.
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Figure S19. High-resolution XPS spectrum of C 1s of Ru/NC.
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Figure S20. High-resolution XPS spectrum of O 1s of Ru/NC.
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Figure S21. High-resolution XPS spectrum of N 1s of Ru/NC.



Figure S22. TEM images of Ru/NC under different magnifications.



Figure S23. The SEAD pattern recorded from the corresponding area.
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Figure S24. Size distribution histogram of Ru nanoparticles for Ru/NC.
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Figure S25. Current-time curves of Ru/NCDs and Ru/NC before and after the addition

of SCN-ions in 0.5 M H2SO4 solution.
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Figure S26. CV curves of Ru/NCDs. Scan rates: 20, 40, 60, 80, 100 mV-s! in (a) 1.0

M KOH and (b) 0.5 M H,SO, solutions.
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Figure S27. CV curves of Ru/NC. Scan rates: 20, 40, 60, 80, 100 mV-s! in (a) 1.0 M

KOH and (b) 0.5 M H,SO, solutions.
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Figure S28. CV curves of NCDs. Scan rates: 20, 40, 60, 80, 100 mV-s! in (a) 1.0 M

KOH and (b) 0.5 M H,SO, solutions.
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Figure S29. The linear sweep voltammetry (LSV) curves for the stripping of Cu

deposited at different overpotentials from 0.18 to 0.3 V in a 0.5 M H,SO, + 20 mM

CuSO, + 60 mM NaCl solution (scan rate of 2 mVs!).
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Figure S30. The charges required to strip the Cu deposited at different underpotentials

in Ru/NC.



Table S1. The Bader charge analysis of Ru/NCDs.

Ru atom Aq
Ru (near-neighboring carbon layer) -0.22801
Ru (near-neighboring carbon layer) -0.26113
Ru (near-neighboring carbon layer) -0.26924
Ru (near-neighboring carbon layer) -0.1946
Ru (next-neighboring carbon layer) 0.050826
Ru (next-neighboring carbon layer) 0.103153




Table S2. Comparison of recently reported electrocatalysts for HER in 0.5 M H,SO,.

Catalyst Overpotential at 10 mA cm™ Tafel slope
(mV) (mV dec)
This work 15 75
Ru/C! 35 36.2
Ru’/TiO,? 41 5
Ru;CoP/CDs? 49 516
Ru@NO-C* 172 38.9
Ru@C,N° 13.5 30
Ru-Mo0O,° 55 44
Ru@NG’ 42.7 55
Ru, (/HNCS? 39 30
Ni@Ni,P-Ru’ 51 35
Ru-NC-700'° 29 28
0.27- 13 “
RuO,@C!"
RuP (L-RP)!? 19 37
Ru-NGC" 25 31
RuP,@NPC! 38 38
e 129 65
Ru@CNF!6 55 2719

NiRu@N-C!”? 50 36




Table S3. The fitted parameters of the EIS data of different catalysts for HER in 0.5 M

H,SO,.
Catalysts Rs (©2) T (F sn-1) R1 (Q) R2 (Q2) Co (F)
Ru/NCDs 7.691 6.759E-001 5.195 2.275 2.559E-003
Ru/NC 6.316 5.716E-001 9.881 9.413 6.665E-004
Ru NPs 8.832 4.651E-001 13.42 33.91 1.035E-003
NCDs 7.086 4.583E-001 171 233.1 2.676E-004

NC 6.234 8.757E-001 823.6 744.9 4.016E-004




Table S4. The fitted parameters of the EIS data of different catalysts for HER in 1.0 M

KOH.
Catalysts Rs (©2) T (F sn-1) R1 (Q) R2 (Q2) Co (F)
Ru/NCDs 7.647 6.601E-001 5.302 2.511 3.348E-003
Ru/NC 6.693 4.339E-001 9.715 12.75 8.831E-004
Ru NPs 8.224 6.887E-001 193 140.7 5.219E-004
NCDs 8.951 8.779E-001 653.8 679.6 1.047E-005

NC 8.851 8.617E-001 733.1 644.4 9.795-006




Table S5. Comparison of the recently reported Ru-based electrocatalysts for HER in

1.0 M KOH.
Catalys Oy o e
This work 31 22
Ru/C! 53 36.2
RuCu/C!8 434 49
Ru, o/ HNCS?® 72 67
Ru@NG-7501 40 35.9
Ru@CQDs?° 63 63
Au-Ru NWs?! 50 30.8
Ru,P@PNC/CC2 50 66
RuP,/NPG!4 52 69
Ni@Ni,P-Ru? 41 31
(Ru-Co)0,/CC3 44.1 235
Ru-NGC! 37 40
Ru-Ni@Ni,P-HNRs’ 31 41
Rug 335e@ TNA2 57 50
Cu,.«@Ru NPs!? 82 48
Ru@CN2 32 53
NiRu@N-C!7 32 64
h-RuSe,2¢ 34 95




Table S6. TOF value of Ru/NCDs and Ru/NC in 1.0 M KOH at different potentials.

Potential (mV) TOF value of Ru/NCDs TOF value of Ru/NC

(Hys) (Hys™)
10 0.06001 0.08123
20 0.06675 0.08638
30 0.13918 0.09497
40 0.35936 0.15461
50 0.55797 0.26215
60 0.74126 0.38611
70 0.92029 0.51836
80 1.11928 0.64542
90 1.26154 0.77031

100 1.37775 0.87856




Table S7. TOF value of Ru/NCDs and Ru/NC in 0.5 M H,SOy at different potentials.

Potential (mV) TOF value of Ru/NCDs TOF value of Ru/NC

(Hys) (Hys™)
10 0.07425 0.03312
20 0.22651 0.09488
30 0.44674 0.20801
40 0.71889 0.34792
50 0.97294 0.50035
60 1.15197 0.65414
70 1.40749 0.80902
80 1.71955 0.95681
90 1.89877 1.11796

100 2.0318 1.27038




Supplementary Note 1

According to prior research,?’ 2 the Ru/NCDs HER pathway is defined by the

following equations:

Ru-NCDs + H" + ¢ <> H-Ru-NCDs (S1)
H-Ru- NCDs <> Ru-NCDs-H (S2)
Ru-NCDs-H + HY + e — H, + Ru-NCDs (S3)

Three main stages have been experienced: (1) A hydrogen ion adsorbed on the Ru
surface combines with an electron to form an adsorbed H atom. (2) Due to the spillover
effect, the neutral adsorbed-H atom moves to the NCDs surface. (3) The transferred H

atom combines a hydrogen ion and an electron and releases hydrogen gas.

It is generally believed that the third step (S3) is the rate-determining step (rds).
The reaction velocity of hydrogen evolution can be written as:
ry= Kia

+

>

H

a
where 73 is the reaction rate; K3 is the rate constant; H * s the activity of

a , =20 C
. . . + Ru-NCDs-H“  +
hydrogen ions which can be written as H “ y H" where

C
ORu-NcDs - is the coverage of H on carbon; H * is the concentration of hydrogen

10n.

In the steady state, for ORu-neps-n



daRu—NCDs—H
dt
= KZHH—Ru—NCDs(l - 9Ru—NCDs—H) - K—ZeRu—NCDS—H(l - 9H—Ru—NCD

- K39Ru—NCDs —HCH +

for QH— Ru- NCDs
dHH - Ru-NCDs

dt
= Kl(l - GH—Ru—NCDS)CH-i— - K—leH—Ru—NCDS - KZQH—Ru—NCDS(l - 91

+ K _20ru _neps— (1= Oy - gy neps)

do
=0

At low overpotential, it can be considered that dt ,

QRu—NCDs -H

~ K304 _ ru-neps _ K
K301 - ru-neps ¥ K2 =K 20y _pu-_ncps T K3C, 1 K.
e RT
_aFn _(1—a)Fr]
_ 0, RT _ O RT
In which Ky =Kae and K_;=K_3e , 11 is the overpotential.

in the same way,

QH—Ru—NCDs
K1CH+ + K _20py_NcDs-H

~
=~

K16H+ +K_1+K;+K_ 20k, _neps-n~ K2Oru-neps -1

~ 2+ a)Fn

— _ 2 RT
r3_K30Ru—NCDs—HCH+ =——> (€ 4%
Then, -17 -2



. 1273 2 RT
-j=Fr=F (€ N
KokO° H
And, 18 -2
2+ a)F
Ig (-j) =Const + 2lgC —un
H 2.303RT
2+ a)F
————=0.024mV /dec

Therefore, the Tafel slope is 2-303RT (assuming @ = 0.5)
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