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Computational details.

Density functional theory (DFT) based first-principles calculations are performed
using the projected augmented wave (PAW)! method implemented in the Vienna ab
initio simulation package (VASP).2? The Kohn-Sham one-electron states are expanded
using the plane-wave basis set with a kinetic energy cutoff of 500 eV. The Perdew-
Burke-Ernzerhof (PBE)* exchange-correlation functional within the generalized
gradient approximation (GGA) is employed. To study the adsorption of the Ru cluster
on graphene involved in HER and HzOR, we have considered the Rul9 cluster’
adsorbed onto a periodic 7 x 7 supercell of graphene with 98 carbon atoms (Rul9-
graphene). In this Rul9- graphene model, the two N atoms substitute two of the
graphene C and two S atoms substitute two of the graphene C to model the 2SN: Rul9-
graphene, as shown in Fig. 6A. The Brillouin-zone (BZ) integration is carried out using
the Monkhorst-Pack® sampling method with a density of 2x2x1 for the geometry
optimizations. A sufficiently large vacuum region of 20 A was used for all the systems
to ensure the periodic images to be well separated. During the geometry optimizations,
all the atoms are allowed to relax until the maximum magnitude of the force acting on

the atoms is smaller than 0.03 eV/A, and the total energy convergence criterion is set
to 1 x 10~* eV. The calculation of the Gibbs free energy of the intermediates followed
the Norskov method.”

The oxidation of hydrazine into nitrogen and hydrogen occurs in the following six

consecutive elementary steps:

(A) * + NoH, — *N,H,, Eq. (1)
(B) *N,H, — *N,H; + H* + ¢, Eq. (2)
(C) *N,H; = *N,H, + H' + ¢, Eq. (3)
(D) *N,H, —~ *N,H + H* + e, Eq. (4)
(E) *N,H — *N, + H" + ¢, Eq. (5)
(F) *Np = *+ Na. Eq. (6)

The asterisk (*) represents the reaction surface of Rul9- graphene and 2SN: Ru19-
graphene. "*N,H,", "N,H;", "N,H,", "N,H", and "*N," denote the models with the
corresponding chemisorbed species residing in the reaction surfaces. Among these six
elementary steps, steps (A) and (F) are the adsorption of N,H,; and desorption of N,,

respectively. The other four elementary steps involve the generation of one proton and



one electron. Then, using the computational hydrogen electrode (pH=0,p =1 atm, T
=298 K),” the Gibbs free energy of H" + e- was replaced implicitly with the Gibbs free
energy of one-half an H, molecule. Thus the reaction Gibbs free energies can be
calculated with Eqs: 3-!!

AGA:G*N2H4'G* -Gy n

24 Eq. (7)
AGy =G iy, *+ 0.5Gy, - Gy - oU - KTIn10 x pH Eq. (8)
AG-=G. N,H, + O-5GH2 -G N, H, ~ eU - kTinl0 » pH Eq. (9)
AGLH=G . N H + 0~5GH2 -G NH, eU - kTin10 x pH Eq. (10)
AGE:G*N2+O-5GH2‘G*NZH'eU'lenloXpH Eq. (11)
AGp=G. +Gy -Gy, Eq. (12)

U and the pH value in this work are set to zero. The adsorption or reaction Gibbs

free energy is defined as AG = AE + (ZPE — TAS), where AE is the adsorption or
reaction energy based on DFT calculations. AZPE is the zero-point energy (ZPE)
correction, T is the temperature, and AS is the entropy change. For each system, its ZPE
can be calculated by summing vibrational frequencies overall normal modes v (ZPE =
1/2%hv). The entropies of gas-phase H,, N,, and NH,NH, are obtained from the NIST
database!? with the standard condition, and the adsorbed species were only taken

vibrational entropy (Sv) into account, as shown in the following formula:

hvi hvi hVi
S ZZR ex -1
Vo4 Pl T
i Eq. (13)

-1
- In|1 - exp( -
kT k
Among which R =8.314 J-mol 'K, T=298.15K, h=6.63 x10734J-s, kg = 1.38

B

x 10723 J- K1, i is the frequency number, v; is the vibrational frequency (unit is cm™!).

Under the standard condition, the overall HER pathway includes two steps: first,
adsorption of hydrogen on the catalytic site (*) from the initial state (H* + ¢~ + *),
second, release the product hydrogen (1/2H,). Therefore, the Gibbs free energy of the
adsorption of the intermediate hydrogen on a catalyst (4Gy) is the key descriptor of the
HER activity of the catalyst and is obtained by:

A Gy = AEy + AZPE — TAS Eq. (14)
where AEy, AZPE and AS are the adsorption energy, zero-point energy change

and entropy change of H adsorption, respectively. The charge transfer between N,H,4



dehydrogenation intermediate ("*N,H4", "*N,H;3", "*N,H,", "*N,H", and "*N,")
adsorbing the 2SN: Rul9-graphene interface (Rul9 cluster) is estimated by employing
the Bader Charge Analysis version 1.03.1314

The charge density difference (Ap) was obtained using the following equation:
Ap = p(surface + intermediate) — p(surface ) — p(intermediate). Where p (surface +
intermediate), p(surface) and p(intermediate) are the total charge density of the N,H,4
dehydrogenation intermediate ("*N,H,", "*N,H;3", "*N,H,", "*N,H", and "*N,")
adsorbed the 2NS: Rul9-graphene interface (Rul9 cluster), and N,H4 dehydrogenation
intermediate ("*N,H4", "*N,H3", "*N,H,", "*N,H", and "*N,"), respectively. The
charge density difference quantifies the redistribution of electron charge due to the
interaction between N,H, dehydrogenation intermediate ("*N,H,", "*N,H;", "*N,H,",
"*N,H", and "*N,") and the 2NS: Rul9-graphene interface (Rul9 cluster) of both the

two samples.



Figure S1. The SEM images of different intermediates. (a) RF/SiO,; (b) HCS; (¢)
NSCS:; (d) Ru/NSCS-pre.

Figure S2. The TEM images of different intermediates. (a) HCS; (b) NSCS; (¢)
Ru/NSCS-pre.
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Figure S3. The Thermogravimetric Analysis results of Ru/NSCS.

Ru/NSCS materials will be transformed into RuO, after heat treatment in the air.
The mass percentage of Ru can be calculated according to the following formula using
the mass loss percentage:

M(Ru)

W= 9 ko)

W is the mass percentage of Ru; @ stands for percentage of mass loss; M (Ru) and

M(Ru0,) represent the relative molecular weights of Ru and RuO,, respectively. By

substituting relevant data into the above equation, the content of Ru can be obtained as

32.4 wt %.



Figure S4. Structural characterizations of the Ru/CS. (a) SEM; (b) TEM; (c~d)

HRTEM images and corresponding elemental mappings.
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Figure S5. The Thermogravimetric Analysis results of Ru/CS.



Ip/15=0.87

Intensity (a.u.)

Ru/CS

Sdesron P =
N i drdiptdislt

200 600 1000 1400 1800
Raman shift (cm™)

Figure S6. Raman spectra of Ru/NSCS and Ru/CS.

Figure S7. The SEM images of (a) Ru/NSCS-4 and (b) Ru/NSCS-12.
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Figure S8. XPS survey spectra of Ru/NSCS and Ru/CS.
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Figure S9. The study of HER performances of Ru/NSCS-4, Ru/NSCS-8 and
Ru/NSCS-12. The LSV curves obtained in 1 M KOH without IR correction.
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Figure S10. Mass activity of Ru/NSCS and Ru/CS for HER measured in 1.0 M

KOH. (a) LSV curves; (b) the compared working potential at 1 A mg! Ru and

mass current density at 100 mV.
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Figure S11. The evaluation of ECSA. The CV curves of (a) Ru/NSCS, (b) Ru/CS,
(¢c)NSCS, and (d) Pt/C with the scan rate ranging from 10 to 100 mV s'in 1 M
KOH; (e) Cq values at potential of 1.02 V (vs. RHE) and (f) ECSA values on the
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Figure S12. ECSA normalized LSV curves for HER in 1.0 M KOH.
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Figure S13. CV curves of different catalysts in 1.0 M KOH. (a) Ru/NSCS, (b)
Ru/CS, (c¢) Pt/C, and (d) the corresponding TOF. The Q values of Ru/NSCS,
Ru/CS, and Pt/C are calculated to be 0.235, 0.143, and 0.216 C cm™2.

TOF is calculated according to the following formula: TOF = J/2Fn, where the “J” is
the current density under certain overpotential during the HER process, the “F” is the
Faraday constant (96485 C mol-') and the “n” is the mole number of the active metal
sites (mol cm2). The factor 1/2 is presented because two electrons are required to form
one hydrogen molecule. The n values can be obtained by cyclic voltammetry (CV)
which are performed in the potential range of 0-0.6 V (vs. RHE) with a fixed scan rate
of 50 mV s°1. Then, by integrating the charge of each CV curve over the whole potential
range, the half value of the charge is the value of the surface charge density (Q;).

Finally, the n value is computed by n = Q, / F.
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Figure S14. The compared Nyquist plots for Ru/NSCS after durability

investigation. The Nyquist plots was measured at -0.1 V vs. RHE for HER.
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Figure S15. The LSV curves of Ru/NSCS with a scan rate of 5 mV s'in 1.0 M

KOH with high concentrations of hydrazine.
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Figure S16. The electrochemical behaviors of Ru/NSCS towards the low
concentrations of hydrazine. (a) The LSV curves of Ru/NSCS with a scan rate of
5mV s!in 1.0 M KOH with the concentrations of hydrazine from 0 to 5 mM; (b)

the corresponding calibration curve at potential of 0.3 V.
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Figure S17. The study of HZOR performances of Ru/NSCS-4, Ru/NSCS-8 and
Ru/NSCS-12. The LSV curves is obtained in 1 M KOH/0.4 M N,H, without IR-

corrected.
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Figure S18. LSV curves of Ru/NSCS at different scan rates in 1 M KOH/0.4 M
N;H,4. (a) LSV curves; (b) Current density contrast at 0.4 V vs. RHE.
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Figure S19. LSV curves of NSCS at high potential in 1 M KOH/0.4 M N,H,.
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Figure S20. ECSA normalized LSV curves for HzOR in 1.0 M KOH/0.4 M N,H,.
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Figure S21. Mass activity of Ru/NSCS and Ru/CS for HZOR measured in 1.0 M
KOH/0.4 M N,H4. (a) LSV curves; (b) The compared working potential at 3 A

mg! Ru and mass current density at 200 mV.
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Figure S22. The compared Nyquist plots for Ru/NSCS after durability

investigation. The Nyquist plots was measured at -0.05 V vs. RHE for HzOR.
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Figure S23. The LSV curves of Ru/NSCS for HER in 1 M KOH with and without
hydrazine.
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Figure S24. The comparison of Ru/NSCS for OWS and OHzS performance. (a)
LSV curves of OHzS and OWS; (b) Potential contrast at 50 and 100 mA c¢cm? of
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Figure S25. The long-term stability test of Pt/C in OHzS system.



Figure S26. The structure characterizations of Ru/NSCS after durability
investigation. (a, b) SEM images after HER and HzOR, respectively; (¢, d) TEM

images after HER and HzOR, respectively.
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Figure S27. The compared XRD patterns of Ru/NSCS after HER and HzOR

electrolysis, respectively.



Q
o

Intensity(a.u.)
Intensity(a.u.)

490 485 480 475 470 465 460 455 170 168 166 164 162
Binding energy(eV) Binding energy(eV)

Figure S28. The compared high-resolution XPS spectra of Ru/NSCS after

durability investigation. High-resolution XPS spectra of Ru 3p (a) and S 2p (b).
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Figure S29. LSV curves of Ru/NSCS for (a) HER and (b) HzOR with and without
10 mM KSCN.



Figure S30. The adsorption model of intermediate *H. (a) Side view on Ru/NSCS;
(b) Side view on Ru/CS; (c¢) Top view on Ru/NSCS; (d) Top view on Ru/CS. The
pink, silver, brown, yellow, and blue balls represent H, Ru, C, S and N atoms,

respectively.
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Figure S31. The charge density difference and planar-averaged electron density
difference of (a) Ru/NSCS and (b) Ru/CS. The yellow and cyan colors indicate

charge accumulation and depletion, respectively. The isovalues are 0.003 eA-3,



Table S1. EA results of the as-prepared sample.

N contents (Wt%)

S contents (Wt%)

Ru/NSCS

1.150

3.351

Table S2. Comparison of the electrocatalytic activities of Ru/NSCS with other

reported materials for HER. 1y is the HER overpotential corresponding to 10 mA

cm2,
Tafel slope
Materials Electrolyte N1 (mV) (mV dec) References
Ru/NSCS 1 M KOH 40 36.7 This work
RP-CPM 1M KOH 24 47.3 11
PW-Co;N
1 M KOH 41 40 8
NWA/NF
Ru-Ru,PONPC 1M KOH 46 39.75 15
Ru@CN 1M KOH 32 53 16
RuP/C-PAN 1M KOH 28 30 17
S-RuP@NPSC 1M KOH 92 90.23 18
Ru-S/N-C 1M KOH 10 36 19
Ru/MPNC 1M KOH 13 30 20
Ru/Co@OG 1M KOH 13 22.8 21




Table S3. Comparison of the electrocatalytic activities of Ru/NSCS with other
reported materials for HzOR. 1, is the HZOR overpotential corresponding to 10

mA cm.

Mo Tafel slope

Materials Electrolyte () (mV dec) References

1 M KOH+0.4 M
Ru/NSCS -81 33.8 This work
N,H,4

1M KOH+0.3 M

RP-CPM -70 47.6 11
N,H4
PW-CosN 1M KOH+0.1 M
-55 14 8
NWA/NF N,H,4

1M KOH+0.5M
CC@WS,/Ru-450 -74 42.2 22
N,H,4

1M KOH+0.5M
p-Co/CF -150 8.83 23
N,H,4

1M KOH+0.3 M
RuP/C-PAN -101 30 17
N,H4

1M KOH+0.5M
AulPt8 502 60 24
N,H,4

CC@WO;/Ru- 1M KOH+0.5M
450 N,H,

1M KOH+0.3 M
Ni NCNA -26 32.6 26
N,H,4

1 M KOH+0.1 M
NizN-CosN -88 21.6 10
N,H4




Table S4. Comparison of the electrocatalytic activities of Ru/NSCS with other
reported materials for OHzS. E,, is the working voltage corresponding to the

current density of 10 mA cm? in the two-electrode system.

Materials Electrolyte Eqo References

1M KOH+04 M

Ru/NSCS 26 This work
N,H,
1M KOH+0.3 M
RP-CPM 23 11
N,H,
PW-Coz;N 1M KOH+0.1 M
28 8
NWA/NF N,H,
1M KOH+0.5M
CC@WS,/Ru-450 154 22
N,H,
1M KOH+0.3 M
RuP/C-PAN 30 17
N,H,
1M KOH+0.5M
AulPt8 172 24
N,H,
1M KOH+0.5M
CC@WO;5/Ru-450 25 25
N,H,
1M KOH+0.3 M
Ni NCNA 23 26
N,H,

1M KOH+0.5M
Ru/MPNC 41 20
N,H,
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