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EXPERIMENTAL SECTION

Chemicals.

Ruthenium chloride hydrate (RuCl;-xH,0), sodium hydroxide (NaOH), salicylic acid
(C7HgO3), sodium nitroferricyanide dihydrate (CsFeNgNa,O 2H,0) and 4-
(dimethylamino) benzaldehyde (CyH;;NO) were purchased from Aladdin; hydrogen
hexachloroplatinate (IV) hydrate (H,PtClg) was bought from ACROS;
poly(vinylpyrrolidone) (PVP, MW~40,000) were purchased from Aldrich; sodium n-
dodecyl sulfate (SDS), potassium fluoride (KF), sodium bromide (NaBr), phenol
(C¢H50H), ammonium chloride (NH4Cl), ethanol (C,HsOH), hydrazine hydrate
(N,H4-H,0, 85.0%), potassium chloride (KCl), and potassium hydroxide (KOH) were
purchased from Sinopharm Chemical Reagent Co. Ltd.; sodium hypochlorite solution
(NaClO, available chlorine 4%) was purchased from Shanghai Macklin Biochemical
Co. Ltd.; Nessler’s reagent (K,[Hgl4], analytical grade) and potassium sodium tartrate
tetrahydrate (NaKC4H;O4-4H,0, 99.0%) were purchased from Tianjin Guangfu
Technology Development Co. Ltd.; N, ('’N>99.0 atom%) were purchased from the
Shanghai Research Institute of Chemical Industry Co. Ltd; N, (N,>99.999%, ’'N=0.36
atom%) were purchased from Tianjin Huanyu Gas Co. Ltd. The ultrapure water was
used in all the experiments with a specific resistance of 18.2 MQ-cm.

Characterizations.

The morphology, structure, and composition of the samples were examined with
transmission electron microscopy (TEM/EDX, TECNAI G2 Spirit TWIN, 200 kV),
high-resolution TEM and selected area electron diffraction (HRTEM/SAED/EDX,

TALOS F200 X, 200 kV). Atom-resolution HAADF images were obtained with a



transmission electron microscope equipped with a probe corrector (Titan Cubed
Themis G2 60-300, FEI). The extended X-ray fine structure (EXAFS) analysis was
performed on the BL14W1 beamline of Shanghai Synchrotron Radiation Facility. The
spectra were obtained from 13,400 to 13,480 eV in solid-state detector mode with 0.5
eV steps at the near edge. X-ray diffraction (XRD) patterns were obtained by
MiniFlex600 with Cu-Ka radiation. X-Ray photoelectron spectroscopy (XPS) was
performed by a X-ray photoelectron spectrometer (ESCALAB250Xi) with a pass
energy of 20.00 eV and an Al Ka excitation source (1486.6 ¢V). The atomic ratio of
the sample was determined by ICP-MS (Thermo Fisher Scientific, iCAP RQ). The
concentration of SN isotope-labeling products was established by isotopic mass

spectrometry (MAT-271).

Synthesis of Ru,4Pt,4, and Ruy,Pts;, Ru and Pt nanowires.

Ru7¢Pty4, Ruy;Pts3, and Ru ultrathin nanowires were synthesized with the same method
as for RuggPt;; nanowires except using different ratios of RuCl;/H,PtClg (as shown in
Table S2). Pt ultrathin nanowires were synthesized following the literature [ref 37 in
main text]. Briefly, 128 mg of PVP, 435.2 mg of sodium dodecyl sulfonate, 164.8 mg
of NaBr, and 0.8 mL of H,PtClg (0.1 M) were added to 15.2 mL of water under stirring.
Then the aqueous solution was transferred to a 24 mL Teflon-lined stainless-steel
autoclave, which was was then heated at 210 °C for 12 h.

Determination of NHj; yield

The yield of NH;3 was spectrophotometrically determined by methods using phenate,
Nessler's reagent, or indophenol [S1, ref 38 in the main text]. For the phenate-based

method, 1 mL of 0.64 M C¢HsOH, 0.38 M NaOH, and 1.3 mM CsFeN¢Na,O solution



was mixed with 1 mL of 55 mM NaClO solution (dissolved in 0.75 M NaOH). Then 1
mL of standard NH4Cl solution (0, 0.2, 0.5, 0.8, 1.0, 1.2, 1.5, 2.0 ppm in 0.1 M KOH)
was added to the above solution, followed by thorough mixing and keeping in dark for
30 min. UV-vis spectra were acquired and absorbance at 633 nm was taken to draw the
calibration curve. For Nessler's reagent method, 4 mL of standard NH,4Cl solutions (0,
0.2,0.5,0.8,1.0, 1.2, 1.5, or 2.0 ppm in 0.1 M KOH) were prepared. Then 1.0 mL of
0.2 M NaKC4H4Og solution and 0.15 mL Nessler’s reagent were added. The resulting
solution was kept in dark for 25 min after mixing thoroughly. UV-vis spectra were
acquired and the absorbance at 425 nm was taken to draw the calibration curve. For
indophenol blue method, 2.0 mL of 1.0 M NaOH containing 5 wt% NaKC4H,;O¢ and 5
wt% C;H¢O3 was added into 2 mL standard NH,4Cl solutions, which was followed by
adding 1.0 mL of 0.05 M NaClO solution (diluted by 0.75 M NaOH) and 0.2 mL of 1
wt% CsFeNgNa,O solution. Finally, the obtained solution was mixed thoroughly and
kept in dark for 2 h. UV-vis spectra were acquired and absorbance at 655 nm was taken
to draw the calibration curve. Electrolytes after ENRR were diluted for 5 times for the
above colorimetric assays. Based on the obtained calibration curve, the yield of NH4"
can be determined.

Determination of hydrazine

The yield of hydrazine (N,H,) product was spectrophotometrically determined by the
Watt and Chrisp method [ref 38 in the main text]. The chromogenic reagent was
prepared by adding CoH;;NO (5.99 g) and concentrated HCI (30 mL) into 300 mL

ethanol. 2.0 mL of standard N,H, solutions (0, 0.2, 0.5, 1, 1.5, or 2.0 ppm in 0.1 M



KOH) were prepared. After adding 2.0 mL chromogenic reagent, the solution was
mixed thoroughly and kept in dark for 20 min. UV-vis spectra were acquired and
absorbance at 460 nm was taken to draw the calibration curve. N,H, product in the
electrolytes after ENRR was determined using the above colorimetric assay and based
on the calibration curve.

Calculation of Faradaic efficiency.

The conversion of N, to NHj requires three electrons. The Faraday efficiency of the
process is calculated based on Equation S1,

FE = 3F xn(NH;3) / Q Equation S1

where F is the Faraday constant, Q is the electrical charge, and n is the total molar
weight of NH3, respectively.

Theoretical calculations.

First-principles calculations were conducted using the Vienna Ab-Initio Simulation
Package [S2,S3]. The Perdew-Burke-Ernzerhof functional of flavor generalized
gradient approximation was adopted for the exchange—correlation potential [S4]. Van
der Waals correction of Grimme scheme (D2) was included to improve the description
of the dispersion interaction between adsorbates and substrates [S5,S6]. The vacuum
thickness in the z direction was set to be >15 A to avoid unphysical interactions between
periodic images. The bimetallic PtRu(111) surface was modeled by five-layer (3 x 3)
Ru(111) cell with one surface Ru atom replaced by a Pt atom (see Fig. S25 and S26).
A gamma-centered 5 X 5 x 1 grid was employed for the Brillouin-zone sampling with

a plane-wave cutoff energy of 500 eV. The adsorption energies of X (X =N,, N,H and



H) on surfaces were calculated as

n
MEy=E . x~E,~Ey ~>Fy.

E«x and E- are the total energies of surface with and without adsorbed X, respectively.

E E
N2and "2 are the total energies of N, and H, molecules in gas phase, respectively. n

equals to 0 if X is Ny, while is 1 when X = N,H and H.



Pt 1CDD:(04-004-8733)
Ru ICDD:(04-014-0144)

Intensity (a.u.)

I 1

30 40 50 60 70
20 (Degree)

Fig. S1. XRD patterns of RuggPt;, nanowires. The black and red lines indicate to the
peak positions of pure Pt (ICDD:04-004-8733) and Ru (ICDD:04-014-0144).
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Fig. S2. The energy dispersive X-ray spectroscopy (EDS) of RuggPt;, nanowires.
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Fig. S4. The energy dispersive X-ray spectroscopy (EDS) of Ruy;Pts3 nanowires.
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Fig. S5. (a) XRD patterns of Rus4Pt,y4, Ruy;Pts;, and Pt nanowires. The black and red
lines indicate the peak positions of fcc Pt (ICDD:04-004-8733) and Ru (ICDD:04-014-
0144). (b) XRD of Ru nanowires. The red lines indicate the peak positions of Acp
(ICDD:04-001-2957).
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Fig. S7. TEM images of Ruy;Pts; nanowires.




Fig. S9. TEM images of Pt nanowires.

Fig. S10. HRTEM image of Pt enriched domain on a RuggPt;, nanowires.
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Fig. S11. Ru K-edge EXAFS spectra of RuggPt, nanowires with reference to Ru foil
and RuO,.
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Fig. S12. (a) UV-vis curves of NH4" standard solutions colored with phenate after

keeping in dark for 30 min at room temperature. (b) Calibration curve. The UV-Vis

spectra were measured for three times and the average absorbance at 633 nm was taken

to draw the curve.
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Fig. S13. (a) UV-Vis spectra of NH," standard solutions colored with Nessler’s reagent
after keeping in dark for 25 min at room temperature. (b) Calibration curve. The UV-
Vis spectra were measured for three times and the average absorbance at 425 nm was
taken to draw the curve.
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Fig. S14. (a) UV-vis curves of NH4" standard solutions colored with indophenol blue
after keeping in dark for 2 h at room temperature. (b) Calibration curve. The UV-Vis
spectra were measured for three times and the average absorbance at 655 nm was taken

to draw the curve.
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Fig. S15. (a) UV-vis curves of N,H4-H,0O standard solutions colored using Watt. and
Chrisp method. (b) Calibration curve. The UV-Vis spectra were measured for three
times and the average absorbance at 460 nm was taken to plot the curve.
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Fig.S16. (a) NH; yields and Faradaic efficiencies of Ru nanowires loaded on different

substrates. (b) Chronoamperometry curves.

4 i RU
- Ru, Pt
g 3 | Ru?spt24
;_; — Ru 4?Pt53
.
2 2]
®
@]
—
@ 1
o)
<
0 a
400 ' 450 | 500

Wavelength (nm)

Fig. S17. UV-vis curves of the electrolytes collected after electrocatalysis by different
catalysts at -0.2 V, which was colored using Watt. and Chrisp method.
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Fig. S18. Chronoamperometry curves of RuggPt;, nanowires obtained at different
applied potentials with 3-h electrolysis.
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Fig. S19. The UV-Vis spectra of the electrolytes after electrocatalysis by RuggPt,
nanowires at different applied potentials.
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Fig. S20. Comparison of NHj; yield and Faradaic efficiency between this work and other
recent works.
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Fig. S21. UV-Vis spectra of the electrolytes after electrocatalysis at different
conditions, which were colored by Nessler reagent method.
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Fig. S22. The isotopic mass spectrometry of 1SN.
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Fig. S23. UV-Vis spectra of the electrolytes collected after 5 consecutive cycles of
ENRR electrolysis.
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Fig. S24. (a) TEM image of RuggPt|, nanowires and (b) the diameter distributions of
RuggPt;; nanowires (n=67) after 15 h ENRR electrolysis.
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Fig. S25. The stable adsorption sites for adsorbents on Ru(111) surface: (a) H, (b) N,
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Fig. 27. Projected density of states for Ru atom 2 (a) and (b) atom 3 shown in Fig. 5a.



Table S1. The determined Pt/Ru atomic ratio and the corresponding feeding ratio of
the metal precursors are consistent.

Catalysts Feeding ratio of Ru/Pt atomic ratio
RuCl5:H,PtClg confirmed by ICP-MS
Ru 1:0 -
RuggPty, 6:1 88:12
Ru7¢Ptyy 2.5:1 76:24
Ruy7Pts3 1:1 47:53
Pt 0:1 -

Table S2. EXAFS fitting parameters at the Ru K-edge and Pt Ljj-edge for various
samples (5,>=0.807(Ru), 0.831(Pt)).

Sample Shell Ne R(A) (A2 AEy(eV)? R factor
Ru K-edge
Ru foil Ru-Ru | 12 2.67 0.0037 0.8 0.0094
Ru-O | 6.0 1.98 0.0036
ReO, Ru-Ru | 1.8 3.12 0.0013 s 0,000
Ru-O | 42 3.37 0.0036
Ru-Ru | 3.8 3.56 0.0013
~ Ru-O | 3.8 1.94 0.0069
Rﬁ;sfl’rtlu Ru-Ru | 25 272 0.0067 07 0.0018
Pt Lyj-edge
Pt foil Pt-Pt 12 2.76 0.0046 6.6 0.0014
Pt-O 6.0 2.02 0.0028
PtO, Pt-Pt | 114 3.11 0.0052 10.0 0.0008
Pt-O 7.5 3.17 0.0028
- PtRu | 2.1 2.65 0.0018
Rlistsi?hz Pt-Pt 6.5 2.74 0.0033 o4 0.0013

N: coordination numbers; ?R: bond distance; ‘6?: Debye-Waller factors; ¢ AEy: the inner potential
correction. R factor: goodness of fit. Sy> was set to 0.807 for Ru and 0.831 for Pt, according to the

experimental EXAFS fit of Ru and Pt foil by fixing CN as the known crystallographic value.
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