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Experimental

1.1 Reagents:

Ruthenium trichloride (RuCl;) was obtained from the Kunming institute of
precious metals. Trace Pt was obtained by dissolving from Pt wires. Potassium
hydroxide, dipotassium hydrogen phosphate and potassium dihydrogen phosphate are
all purchased from Aladdin Industrial Corporation. Deionized (DI) water (18.25 MQ)

used in experiment was prepared by passing through an ultra-pure purification system.

1.2 Catalyst Synthesis
The carbon cloth (1 cm?) was immersed in an aqueous solution containing 0.011
mol L' RuCl; for 20 minutes, and then drying for 30 minutes at 60 ‘C followed by

heating treatment at 300 “C for 20 minutes in air to obtain the RuO, nanocrystal loaded

carbon cloth electrode (RuO,/CC). The content of Ru loaded on the carbon cloth
measured by ICP-MS was about 13.9 pg cm2. PtRu/CC; 5o was synthesized by the ECD
method, which was performed using a CHI 760E electrochemical workstation (CHI
Instrument Company, Shanghai, China)!* and a standard three-electrode cell
containing N,-saturated 0.5 M H,SO, at room temperature. The content of Pt on the
carbon cloth was measured by ICP-MS. The as-prepared RuO,/CC sample, Pt wires
and Hg/Hg,SO, electrode were used as the working electrode, counter electrode and
reference electrode, respectively. The ECD cycles of 500, 1000, 1500 and 2000 were
carried out between -0.35 and 0.1 V versus RHE at a scan rate of 100 mV s! for Pt
electrochemical dissolution from counter electrode and then depositing on working

electrode. For comparison, RuO,/CC electrode without Pt deposition was also prepared



via the same method as the above for PtRu/CC, expect that the common electrolytic
cell was replaced with an H-type electrolytic cell separated by Nafion film to prevent
Pt migration, and rule out the impact of ECD process on performance. A certain volume
of the 20% Pt/C ink was carefully dropped onto the carbon cloth to obtain the Pt/C

catalyst with a desirable Pt loading amount of 1.6 ug cm? and 15.5 pg cm=.

1.3 Electrochemical Measurements

All electrochemical measurements were performed on the CHI 760E
electrochemical workstation at room temperature. For each HER experiment, cathodic
linear sweep voltammetry (LSV) with the scan rate of 5 mV s-! was performed in N»-
saturated 0.5 M H,SO,4, 1 M PBS and 1 M KOH solutions. The reference electrode in
0.5 M H,SO4, 1 M PBS and 1 M KOH solutions was Hg/Hg,SO,, saturated calomel
and Hg/HgO electrode, respectively. A graphite rod was used as the counter electrode.
Unless otherwise specified, iR correction was used of all the original data.

Prior to the performance measurement, Hg/Hg,SO, electrode calibration was
carried out in a three-electrode system in which Pt wires served as both working
electrode and counter electrode, and Hg/Hg,SO, served as the reference electrode. H-
saturated 0.5 M H;SO, solution was employed as electrolyte. Linear sweep
voltammetry (LSV) was then conducted in the range of -0.71 to -0.7 V at a scan rate of
1 mV s (H, was still purged during measurement). The potential at which the current
crosses zero was taken as the thermodynamic potential (vs. Hg/Hg,SO,4) for the
hydrogen electrode (Fig. S2). Thereby, all the potentials reported in our manuscript

tested in 0.5 M H,SO, solution were calibrated to a reversible hydrogen electrode



(RHE) by using the equation: E (vs. RHE) = E (vs. Hg,SO,4) + 0.7075 V. In the same
way, we calibrated the saturated calomel (Fig. S3) and Hg/HgO electrode (Fig. S4). The
potentials in 1 M PBS and 1 M KOH were calibrated to RHE by using the equation: E
(vs. RHE) = E (vs. SCE) + 0.65 V, E (vs. RHE) = E (vs. Hg/HgO) + 0.928 V,
respectively.

Cyclic voltammetry (CV) curves with various scan rates (namely, 20, 40, 60, 80
and 100 mV s') were measured to calculate the electrochemically active surface area
(ECSA), which was proportional to the double layer capacitance (Cq;).*® Assuming that
the specific capacitance of a flat surface was ~ 40 pF for 1 cm? of real surface area, then

the ECSA was estimated as:

Cy (mF cm_z)
ECSA =

40 uF cm~ 2 per cmECZSA
The calculation of TOF:

To calculate the turnover frequency (TOF), CV method with the potential range
of -0.2 to 0.6 V (vs. RHE) at a scan rate of 50 mV s*! was performed in 1.0 M PBS.6-°
When the number of active sites was determined, the TOF was calculated with the

equation:

I
TOF = —
2nF (1)

Where [ was the current (in A) for different samples during the LSV measurements
in 0.5 M H,SO,4, 1 M PBS and 1.0 M KOH solutions, respectively, F was the Faraday

constant (in C/mol), and n» was the number of active sites (in mol) for different samples.



The number of active sites was measured from CV curves within the potential
range of -0.2 to 0.6 V (vs. RHE) at a scan rate of 50 mV s™! in 1.0 M PBS (pH=7). With
a given geometric area 4, the number of active sites n is proportional to the charge O,

which can be calculated from the obtained CV curve by integrating. Therefore,

[L_v :Jw - A (2)
Ucv
t= —
v 3)
1 1 Uy 1 (1 A SA
Q= Efd(lcvt) = Efd(chv) = Ef;d(uculcv’q) = z_vdecu]cv: 2_17
4)

Because the charge O of surface active site (n) can be described by € =nF,

therefore,

SA
n= ——
2vF (5)

Where I, J.y, U,y are the current, current density, and potential obtained from CV
curve, v is the scan rate, S is the integrated area of CV curve.

Thus, TOF is calculated by this equation:

I I vl Jv
2nF SA SA S
2—F
2uF (©)

Where J is the current density in LSV curves, v is the scan rate (50 mV s'!) in this
work), and S is the integrated areas of CV curves.
The Faradaic efficiency was calculated by comparing the measured and

theoretically produced amounts of H,.



1.4 Computational Models and Methods

All spin-polarized density functional theory (DFT) calculations were performed
by using the Vienna Ab Initio Simulation Package (VASP)!?. The generalized-gradient
approximation with the form of PBE!! was used as the correlation and exchange energy
functional. The vdW correction was considered by employing the Grimme’s D32
scheme because of the dispersion interaction of adsorption water systems. To describe
the interactions between valence electrons and the ion core, the projector augmented
wave (PAW) method was adopted.!3 The energy cut-off energy for the plane wave basis
set was chosen as 400 eV. The convergence criteria for the electronic structure and
geometry relaxation were 10-° eV and 0.02 eV/A, respectively. For hexagonal close-
packed (hcp) Ru and face center cubic (fcc) Pt unitcell, a 9 x 9 x 9 Monkhorst-Pack
mesh!# were used as K-point. The optimized lattice parameters of Ru unitcell (a = b =
2.690 A, ¢ = 4.245 A) and Pt unitcell (@ = b = ¢ = 3.914 A) agree well with the
experimental values of Ru (@ =b=2.706 A, c =4.282 A)'Sand Pt (a = b =c =3.924
A)!6. For hydrogen adsorption, the Pt(111) and Ru(101) surfaces were modeled by
three-layered 2 x 2 supercell and 1 % 2 supercell, respectively (Fig. S30), in which the
top two atomic layers are allowed to relax while the bottom one is fixed, in order to
compare with the previous calculations. A 5 X 5 x 1 Monkhorst-Pack mesh was used to
sample the first Brillouin zone in the surface calculations. In the case of H,O adsorption,
the Pt(111) and Ru(101) surfaces were modeled by three-layered 4 x 4 supercell and 2
x 3 supercell, respectively, as shown in Fig. S31. A 3 x 3 x 1 Monkhorst-Pack mesh

was used to sample the first Brillouin zone in the surface calculations. A vacuum



spacing of 15 A was added in the z-direction without a dipole correction to avoid the
interaction between the slab and its repeated motif. The calculations of isolated small
molecules were performed by using a (10 A x 10 A x 10 A) unit cell with the -point

only for the k-point sampling.
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Fig. S1 Histogram of diameter distribution of the sample after 1500 ECD cycles.
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Fig. S2 Hg/Hg,SO, reference electrode calibration curve in 0.5 M H,SOy solution.

0.08
1M KOH

0.04

0.004

Current (mA)

-0.04

-0.081— y r ' Y
-0.936 -0.932 -0.928 -0.924 -0.920

E (V vs. Hg/HgO)

Fig. S3 Hg/HgO reference electrode calibration curve in 1 M KOH solution.



0.08
1M PBS

0.044

0.00+

Current (mA)

)

=
1Y
5

-0.08+

-0.657 -0.654 -0.651 -0.648 -0.645
E (V vs. SCE)

Fig. S4 saturated calomel reference electrode calibration curve in 1 M PBS.
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Fig. S5 HER polarization curves of the RuO,/CC after 1500, 2000 and 4000 ECD

cycles in 0.5 M H,SO, solution.
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Fig. S6 HER polarization curves of the RuO,/CC after1500, 2000 and 4000 ECD cycles

in 1.0 M KOH solution.
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Fig. S7 Morphology of the sample during ECD process: (a) initial, (b) 500 cycles, (c)

1000 cycles, (d) 1500 cycles, (e) 2000 cycles and (f) 4000 cycles.
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Fig. S8 HER polarization curves of the bare CC after 0, 500, 1000, 1500 and 2000 ECD

cycles in 0.5 M H,SO, solution.
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Fig. S9 TEM images of the bare CC after 1500 ECD cycles.

Table. S1 The loading mass of Ru and Pt during ECD process measured by ICP-MS.

sample Ru (ug cm?) Pt (ug cm?)
initial 14 0
500 cycles 14.05 ~0
1000 cycles 13.42 0.445
1500 cycles 13.95 1.605
4.5

2000 cycles 14.1




Fig. S10 XRD pattern of bare CC, RuO,/CC and PtRu/CC; 5.
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Fig. S12 CVs of the sample during ECD process: (a) initial, (b) 500 cycles, (¢) 1000

cycles, (d) 1500 cycles and (e) 2000 cycles.
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Fig. S14 The change of Ru 3ds;, XPS spectrum during ECD process.
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Fig. S15 Characterization of the RuO,/CC sample after CV treatment with 1500 cycles
in H-type electrolytic cell. a) the corresponding Ru 3p XPS spectrum, b) the HER

polarization curves for above sample at initial and after 1500 ECD cycles in 0.5 M

H,SO;, solution.
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Fig. S31 H atom and H,O adsorption and dissociation on three metal surfaces, including Pt(111) surface, Ru(101)
surface, Pt;/Ru(101) surface, Pty/Ru(101) surface, and Pt-layer/Ru(101) surface. Yellow and red balls represent

hydrogen and oxygen atoms, respectively.
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Table S2 Summary of some recently reported representative HER electrocatalysts in acidic electrolytes. *The value is evaluated from the

polarization curves exhibited in the literature.

catalyst electrolyte Jo TOF Loading Tafel slope Hio ref
(mA cm?) (s (ugem?)  (mV dec?) (mV)

PtRu/CCi59 0.5M H,S0O, 2.44 13.35 (n=50 mV) 13.9ru/1.6p; 25 8 This work
RuP,@NPC 0.5M H,S0, 1.99 - 1000 38 38 !
Ru—MoO, 0.5M H,S0O, - - 570 44 55 17
Ru/MeOH/THF 0.5M H,S0O, -—-- 0.87 (=100 mV) 352 46 83 18
Ru nanosheet 0.5M H,SO, -—-- -—-- ~100 46 (10 mA mg?) 20 19
Ru/GLC 0.5 M H,SO,  —— e 400 46 35 20
Ru/NG-750 0.5 M H,SO,  — e 24 2ru 44 53 21
Ru’/CeO, 0.5M H,S0, 0.54 0.8 (#=27 mV) 197 33 41 22
PtRu@RFCS 0.5M H,S0, 1.57 4.03 (=100 mV) 354 27.2 19.7 3
Ru@GnP 0.5 M H,SO,  — e 750 30 13 23
Ru@CN 0.5M H,SO, - - ~750 -—-- 126 24
Ru@C,N 0.5M H,S0O, 1.9 0.670 (n=25 mV) 285 30 13.5 s
L-RuP/C 0.5M H,S0, 3.22 3.35 (=20 mV) 464 37 19 26
Ru-MoS,/CC 0.5M H,S0O, - -—-- 46, --- 61 27
PtO,/TiO, 0.5M H,SO, ——— e - 40 120%* 28




Table S3 Summary of some recently reported representative HER electrocatalysts in neutral electrolytes.

catalyst electrolyte Jo TOF Loading Tafel slope Nio ref
(mA cm?) ) (ng cm?) (mV dec) (mV)

PtRu/CC5g 1 M PBS 2.35 4.36 (=100 mV) 13.9r4/1.6p; 36 25 This work
RuP,@NPC 1 M PBS —-— - 1000 87 57 !
Rh,P IMPBS e 150 46 38 29
VsC, 0.1MPBS  —- e 1900 64 77 30
CoP/Co-MOF IMPBS  — 5000 63 49 31
FePSe;/NC 1 M PBS -—-- ——— 212 167 140.1 32
CoP@BCN-1 1 M PBS — e 400 59 122 33
Ni,P@NPCNFs 1 M PBS —-— - 337 230.3 185.3 34
MoP/CNT 1 M PBS 1.291 -—-- 500 109 102 35
Re;P,@NPVC 1 M PBS -—-- -—-- 143 77 61 36
Nig.80Co0y.115€; 1 M PBS —-— - 2620 78 82 37




Table S4 Summary of some recently reported representative HER electrocatalysts in alkaline electrolytes.

catalyst electrolyte Jo TOF Loading Tafel slope Hio ref
(mA cm?) s (ug cm) (mV dec™) (mV)

PtRu/CC5g 1 M KOH 1.25 13.01 (=100 mV)  13.9g,/1.6p; 28 19 This work
Ru-MoS,/CC 1 M KOH -—-- 0.2 (=169 mV) 46g, 114 41 27
RuP, @NPC 1 M KOH - - 1000 69 52 !
Ru—MoO, 1 M KOH -—-- -—-- 285 31 29 17
Ru@GnP 1 M KOH -—-- -—-- 250 28 22 e
Ru@CN 1 M KOH -—-- - ~750 53 32 24
Cu,.S@Ru 1 M KOH -—-- -—-- 230 48 82 38
NiO,/Pt;Ni 1 M KOH — - 15 -——- 40 39
Ru,P 1 M KOH -—-- -—-- 380 29.3 75 40
Ru2-GC 1 M NaOH -—-- -—-- 430 65 25 4l
Ruy;3Se@TNA 1 M KOH 0.73 -—-- 200 50 57 42
4H/fce Ru 1 M KOH 1.62 0.22 (n=30 mV) 34 29.4 23 43
Ru—Ru,P/PC IMKOH - -—-- 285 35.1 57 a4
Ni;N/Pt IMKOH - -—-- 2000 36.5 50 4
Pt/Ni(HCO;), 1 M KOH - 1.78 (=150 mV) 40 40 44 46
Ru ND/C 1 M KOH -—-- -—-- 354 49 434 47
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