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1. Material and Experimental Instruments
1.1 Materials used in the experiment

Pt/C (20 wt%) was obtained from Macklin Ltd. (Shanghai, China). RuO2, RuCl3-:3H,0, KOH,
NazHPO4-12H,0, HgN»0sS, were purchased from Beijing Chemical Reagents Company (Beijing,
China). Copper foam (CF) was provided by the Hao Ke Technology Co. Ltd. (Beijing, China).
Apart from the CF, all the drugs mentioned above are analytically pure and no further
processing required.

1.2 Experimental Section

1.2.1 Preparation of the CF

CF was washed with deionized water and anhydrous ethanol three times, and each time
ultrasonic treatment for 3 minutes. Finally, the CF was vacuum dried at 60 °C for subsequent
use.

1.2.2 Instruments used for basic phase characterizations

X-ray diffraction (XRD) experiment was tested on a Rigaku D-Max 2550 diffractometer with
Cu-Ka radiation (A = 1.5418 A). Scanning electron microscope (SEM) and energy dispersive X-
ray spectroscopy (EDX) images were obtained on a JEOL-6700 scanning electron microscope.
Transmission electron microscope (TEM), high resolution TEM (HRTEM) images were obtained
with microscopy of Philips-FEI Tecnai G2S-Twin, equipped with a field emission gun operating
at 200 kV. X-ray photoelectron spectra (XPS) analysis was performed on a VG Scienta R3000
spectrometer with Al Ka (1486.6 eV) as the X-ray source. Contact angle (CA) experiment was
analyzed by the machine of Dataphysics OCA20 at room temperature.
1.2.3 Electrochemical measurements

The electrochemical measurements were conducted using the three-electrode system with
the electrochemical workstation (CHI 760e). The as-prepared electrodes were directly used as

the work electrodes; meanwhile, graphite rod and Hg/HgO electrode were served as counter
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and reference electrodes, respectively. 1.0 M KOH solution was used as electrolyte for OER
and HER devices. The seawater is the mixture of 1.0 M KOH and 0.5 M NacCl.

Potentials were normalized versus the standard hydrogen electrode (RHE) according to
formula below:

E(rHE) = E(Hg/Hgo) + 0.098 V + 0.591 pH (1)

Here, “E(ng/Hgo)” is the potential we directly measured during the experiment. For that we
applied the 1.0 M KOH throughout the OER test, pH = 14.

Polarization curves were performed via sweeping potentials at a scan rate of 2.0 mV s
Corresponding stabilities were examined through current-time curves at the constant
potentials.

The Tafel slope can be plotted by the gained linear sweep voltammetry (LSV) curves, which
is obtained from the follow equation:

n=a+blogj (2)

Where, “n” refers to the overpotential; “j” is the current density; “a” relates to the jo
(exchange current density) and can be reflected by the intercept; “b” is the Tafel slope we
need to acquire.

The electrochemical active surface area (ECSA) is calculated by the formula below:

ECSA=A*Ca/Cs (3)

Herein, “A” refers to the area of the working electrode, we set the electrode area to 0.25
cm? throughout the electrocatalytic testing; “Cs” relates to the electrolyte and Cs is 0.04 mF
cm2, “Cq” is the abbreviation of double layer capacitance and calculated from a series of CV
curves that tested within the non-Faraday potential range (0.9254-1.0254 V vs. RHE), scan rate

changed from 10 to 100 mV s}, increased with 10 mV s each time.
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Faraday efficiency (FE) of Ru-Cus(PQa)./CF for HER can be calculated by the ratio of the
amount of H; collected by drainage method and the theoretical H,. Take HER for example, the
actual amount Hz production (labeled as nN-experimental) can be calculated using the equation of
NH-experimental = V / Vm, Where V is the volume of H; collected from the chronoamperometry
testing; Vm is molar volume of ideal gas, and Vi = 22.4 L mol™. For the theoretical H2 (marked
as Nh-theoretical) accumulated during the HER. According the HER equation of H,O - 1/20, + Ha
+ 2e°, where, the electrolytic efficiency (n) can be measured by the equationofn=z *n *F/
Q. Here, “n” is the mole of H, generated during the HER, and can be marked as np-theoretical; “z”
is the number of transferred electrons generated per mole of H, during the HER, herein, z = 2;
“F” is the Faraday constant, F = 96485 C mol?; “Q” refers to the actual quantity of electric
charge, and can be calculated by the flume of Q = Zi * t. In the chronoamperometry experiment,
the Q can be directly calculated. To evaluate the FE of a catalyst for HER, we assume that 100 %
current efficiency occurs during the whole reaction. Hence, 1 = 2 * F * np.theoretical / Q, therefore,
NH-theoretical = Q / (2 * F)-[1]

2. Theory calculation section

The density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP),[%2l with the generalized gradient approximation (GGA) Perdew-
Burke-Ernzerhof (PBE) functional® to describe electron exchange and correlation. The
projector-augmented plane wave (PAW)*°! potentials were used to describe the core-valence
electron interaction and take valence electrons into account using a plane wave basis set with
a kinetic energy cutoff of 450 eV. Partial occupancies of the Kohn-Sham orbitals were allowed
using the Gaussian smearing method and a width of 0.05 eV. The electronic energy was
considered self-consistent when the energy change was smaller than 10 eV. A geometry

optimization was considered convergent when the force change was smaller than 0.02 eV/A.

S3



A k-points sampling of 2 x 2 x 1 with Monkhorst-Pack!® scheme was used in all calculations
and all calculations were considered the spin polarization effect.

The (111) plane of Cus3(POa4): (3 x 2 x 1) supercell and was generated for adsorption
calculation, and the model of Ru-Cus(PQOa); represent a Ru-doped Cus(POa4), (111) surface.

The adsorption energy AE for A= OH, O, and OOH groups on the surfaces of substrates was
defined as:

AE =Exa- (Ex+Ea) (4)

where *A and * denote the adsorption of A groups on active sites and the bare substrates,
while Ea denotes the energy of A groups.

The free energy change AG of the reaction was calculated as the difference between the
free energies of the initial and final states, as showed below:

AG = AE + AZPE-TAS (5)

Here, AE is the energy change between the reactant and product obtained from DFT
calculations; AZPE is the change in the zero-point energy; T and AS denote the temperature
and the change of entropy, respectively. Herein, T = 300 K was considered.

The electrochemical model of the oxygen evolution reaction (OER) in alkaline media could
be divided into four one-electron reactions:

*x+0H < *0OH+¢e (6)
*OH + OH <0+ H,0p+e  (7)
*0+0H <> *00H+¢e (8)
*00H + OH > *+ 090+ H2Opy+ e (9)

Where the * denotes the substrates. The adsorption energies of intermediates (*OH-, *O,

and *OOH" groups) on substrates were calculated by the following equations:

AEs0 = E(sub/O) - E(sub) - [E(HZO)—E(HZ)] (10)
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AE«on = Esubjony — E(sub) — [EH20-E#H2)/2]  (11)
AE«o0H = EsubjooH) — E(sub) = [2XE(H20-3%E(12)/2]  (12)

Wherein, E(sub/H20), E(sub/on), E(sub/o) and E(sub/oon) denoted the total energies of H,0, OH, O,
and OOH groups on substrates. E(sub), E(H20) and E+2) were the energies of the bare substrate,
water, and hydrogen gas, respectively.

The Gibbs free energy changes of Equations (6-9) could be estimated by:

AG1 = AG:on  (13)
AG; = AGwo - AGson (14)
AGs = AGsoon — OG0 (15)
AGs=4.92 eV - AGsoon  (16)

Where, the sum of AG13.16 was fixed to the negative of the experimental Gibbs free energy
of the formation of two water molecules.

Additionally, the Gibbs free energy of (H* + e7) in solution was estimated as half the

energy of the H, molecule in the standard condition.

3. Supplementary Figures and Tables

Fig. S1. The SEM images of Cuz(PQa)./CF.
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Fig. S2. Bar graphs between potential and current density at (a) 10 and (b) 100 mA cm™2 of
Pt/C/CF, Cus(P0O4)2/CF and Ru-Cus(POa4)2/CF during the HER process.
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Fig. S3. The XRD and SEM image of Ru-Cus(P0Oa4),/CF that the HER test later.
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Fig. S4. (a) The Faraday efficiency curves of Ru-Cusz(P0Oa4),/CF during the HER process, insert is

the related i-t curves. (b) The i-t curves of Ru-Cus(P0Os)2/CF operated in the seawater.
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Fig. S5. Bar graphs between potential and current density at (a) 10 and (b) 100 mA cm™2 of

RuO,/CF, Cu3(PO4)2/CF and Ru-Cus(PO4)2/CF during the OER course.
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Fig. S6. The XRD and SEM image of the Ru-Cus(PQOa),/CF that the OER test later.
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Fig. S7. The i-t curves of Ru-Cus(PQa),/CF operated in the seawater.
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Fig. S8. The i-t curves of the Ru-Cus(PQ4),/CF measured in the seawater when the provided

voltage is 1.897 V.

Table S1. Cg, ECSA and related data of bare CF, Cusz(P0Qa)2/CF and Ru-Cus(P0Qa4),/CF.

Catalyst Cai (mF cm??) Cs (mF cm™) A (cm?) ECSA (cm?)
Bare CF 1.17 0.04 0.25 7.31
Cus3(POa)2/CF 2.21 0.04 0.25 13.81
Ru-Cus3(POa)2/CF 7.18 0.04 0.25 44.88
a,,[er b Tewwopcr C ool Rucuropycr
= = 4 o
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Fig. S9. The CV curves at different scan rate of (a) Bare CF, (b) Cu3(POa)2/CF and (c) Ru-
Cus3(P0a),/CF.
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Fig. S10. The water contact angle data of (a) bare CF, (b) Cu3(PQa)2/CF and (c) Ru-

Cus(P0a4)2/CF when the time is 0, 25 and 50 ms, respectively.
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