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Experimental Procedures
Chemicals

Hydrogen peroxide (H,O,, 30%), nitric acid (HNOj3, 65.0%~68.0%), sodium
hydroxide (NaOH, 96.0%), salicylic acid (C;HgOs, 99.5%), ammonium chloride
(NH4Cl, 99.5%), sodium citrate dehydrate (C¢HsNa;07-2H,0, 99.0%) were purchased
from Sinopharm Chemical Reagent Co., China. Hydrochloric acid (HCI,
35.0%~38.0%) and ethanol (C,HsOH, 99.7%) were obtained from Beijing Chemical
Works, China. Hydrazine monohydrate (N,H4H,0, 99.0%), iron phthalocyanine
(C3H6FeNg, 96.0%) and dimethyl sulfoxide-dg (DMSO-dg, deuterium for 99.9%)
were obtained from Alfa Aesar, USA. Sodium nitroferricyanide dehydrate
(CsFeNgNa,0-2H,0, 99.0%) and D,0 (99.9%) were obtained from Sigma-Aldrich,
USA. Sodium hypochlorite solution (NaClO, available Cl 4.0%) was obtained from
Shanghai MACKLIN Chemical Works, China. P-dimethylaminobenzaldehyde
(PDAB, C9H;;NO, 99%) was obtained from Adamas-beta Chemical Co., Switzerland.
Nitrogen (N,, high purity 99.999%) and argon (Ar, high purity 99.999%) were
purchased from Ju’yang gas Co., China. >N, (enrichment of > 99% atom '’N) was
obtained from Shanghai Research Institute of Chemical Industry Co., China. All
chemical were commercial and used without further purification. Ultrapure water
(18.2 MQ cm) was used in all experiments.
Preparation of NPG catalysts

The NPG catalysts were prepared using an electrochemical dealloying method in

a standard three-electrode cell with a Pt gauze as the counter electrode and a Ag/AgCl



electrode as the reference electrode. The AussAges leaf (3 cm x 3 cm) was used as the
work electrode and dealloyed in 0.1 M HNOj; solution by using an electrochemical
workstation with a dealloying potential of 1.307 V versus RHE. The obtained NPG
samples were carefully rinsed with ultrapure water to remove residual acid and
impurity ions. All electrochemical potentials were determined with respect to RHE
using the equation (Eq. 1):

E(RHE) = 0.198 + 0.059 pH + E(Ag/AgCl) (1)

Microstructural and chemical characterization

The morphological and lattice structural information of the NPG samples were
investigated with field emission SEM (FEI Nano430) and TEM (JEM-2100F)
combined with an EDS. XPS was performed using Physical Electronics 5400 ESCA

photoelectron spectrometer.

Electrochemical measurements

Before NRR test, the Nafion 115 membranes were heat-treated in 5.0 wt% H,O,
solution, 0.5 M H,SO, solution, and ultrapure water for 1 h, respectively.!
Electrochemical measurements were performed using a gas-tight two-compartment
electrochemical cell separated by a piece of Nafion 115 membrane at room
temperature. The Pt gauze and Ag/AgCl electrode were used as counter electrode and
reference electrode, respectively. The work electrode was prepared by placing the
NPG film onto glassy carbon electrode (0.07 cm2). The linear sweep voltammetry

was conducted at a scan rate of 20 mV/s. The electrocatalytic performance of NPG



catalyst for NRR was evaluated using controlled potential electrolysis in 0.1 M HCI
aqueous solution for 2 h at room temperature (~25 °C). The electrolyte was
presaturated with N, by N, gas bubbling for at least 30 min prior to each measurement.
During the measurement, the electrolyte was continuously bubbled with N, at a flow

rate of 10 sccm.

Ammonia quantification

The produced NH; was quantitatively determined by the indophenol blue
method.? Typically, 2.0 mL of the sample solution was first pipetted from the
electrochemical reaction vessel. Afterwards, 2.0 mL of NaOH solution (1.0 M)
containing C;HgO3 (5.0 wt%) and C¢HsNa;0O7 (5.0 wt%), 1.0 mL of NaClO solution
(0.05 M), and 0.2 mL of CsFeN¢Na,O solution (1.0 wt%) were added into the above
solution. After 2 h, the absorption spectra of the resulting solution were acquired with
an UV-vis spectrophotometer (Varian Cary 50). The obtained indophenol blue was
measured by absorbance at A = 656 nm. In order to quantify the produced NHj, the
calibration curve was built using standard NH,4Cl solutions in the presence of 0.1 M
HCI. The measurements with the background solutions (no NH3) were performed for
all experiments, and the background peak was subtracted from the measured peaks of

NRR experiments to calculate the NH; concentrations and the Faradaic efficiencies.

Hydrazine quantification

The produced N,H,; was determined by the method of Watt and Chrisp.> The

color reagent was obtained by mixing 4.99 g of PDAB with 20 mL of concentrated



HCI and 200.0 mL of C,HsOH. And then 5.0 mL of the electrolyte solution was taken
out and mixed with 5.0 mL of the above color reagent. After 15 min, the absorption
spectra of the resulting solution were acquired using a UV-vis spectrophotometer. The
N,H,4 solution with known concentrations in 0.1 M HCI were used as calibration

standard, and the absorbance at A = 458 nm was used to plot the calibration curve.

Calculation of the Faradaic efficiency and NHj yield rate

The Faradaic efficiency was calculated from the charge consumed for NH;

production and total charge passed through the electrode during the electrolysis (Eq.

2):4

Faradaic efficiency = [3F x(C 5 vo = Cyps o ) XV)/17Q 2)
The NHj; yield rate was calculated using the following equation (Eq. 3):*

NH; yield rate = [(Cyyy5 vo = Chgys 0, ) X V)1/(E xm) 3)

Where F is the Faradaic constant (96485 C mol!"), Cyys is the measured NH;
concentration (ug mL!), V is the volume of the electrolyte, Q is the total charge
passed through the electrode, t is the electrolysis time (2 h), and m is the metal mass

of the catalyst (0.018 mg).

Calculation method for the overpotential of NRR
The NRR occurs at 0.06 V versus RHE theoretically, therefore the overpotential
of NRR can be calculated via the following formula (Eq. 4):

Overpotential = 0.06 V-E (V, versus RHE) 4)

I5N, Isotope Labeling Experiments



An isotopic labeling experiment using N, (enrichment of > 99% atom '>N) as
the feed gas was conducted to elucidate the activity origin of NPG. Before the
electrochemical reduction procedure, the electrolyte was purged with high purity Ar
to remove the '“N in the electrolyte and saturated with >N, for 30 min with the flow
rate of 10 sccm. After S'NRR for 2 h at —0.1 V versus RHE in 0.1 M HCI solution, the
obtained SNH," electrolyte was determined by 1H nuclear magnetic resonance (NMR,
Bruker, Avance I 600 MHz). To prepare the NMR sample, 20 mL of electrolyte
after NRR was concentrated to ~ 1 mL, then 30 pL of 100 ppm dimethyl sulfoxide-dg
(DMSO-dg) and 70 pL D20 was added in the solution. Similarly, the amount of
“NH,4" was determined by this method when 4N, (99.999%) was used as the feed gas.

All NMR measurements were carried out with water suppression and 4000 scans.

DFT calculation methods

All DFT calculations were performed in the Dmol3 code with the spin
polarization.> The generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof functional (PBE) was applied to describe the exchange-correlation effects.®
The relativistic effects were implemented by DFT semicore pseudopotentials core
treatment with the basis set of double numerical plus polarization (DNP).” For
geometrical optimization, the convergence criteria of energy change, gradient, and
displacement were 1.0 x 1075 hartree, 2.0 x 1073 hartree A~!, and 5.0 x 1073 A,
respectively. TS method for DFT-D correction was used to accurately describe the
van der Waals forces.® The vacuum gap set to be about 15 A, which should lead to

negligible interactions between the system and their mirror images. The
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computational hydrogen electrode (CHE) model was used for calculating the reaction

processes.’ Thus, the reaction free energy (A G) was determined by AG = AE
+AZPE — TAS +A Gy, where AE, AZPE, T, AS, and AGy indicated the reaction
energy, zero point energy, temperature, change of entropy, and free energy

contribution due to the electrode potential (U), respectively.



Stepped surface

Fig. S1. (a, b) Atomic resolution HAADF-STEM image of curved surfaces of Au

ligaments with abundant atomic steps and kinks.



Fig. S2. (a) STEM images and corresponding EDS elemental mappings of (b) Au-La
(gree), (c) Ag-La (red), and (d) mixed-color images of NPG.
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Fig. S3. High resolution XPS characterization of (a) Au 4f and (b) Ag 3d peaks of

NPG.
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Fig. S4. CV curve of the NPG sample (dealloyed at 1.307 V versus RHE) recorded in

0.05 M H,SO, solution with a scan rate of 50 mV s!.
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Fig. S5. (a) The UV-vis absorption spectra and (b) the corresponding calibration

curve for the colorimetric NH; assay in 0.1 M HCl solution.
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Fig. S6. (a) The UV-vis absorption spectra and (b) the corresponding calibration

curve for the colorimetric N,H, assay in 0.1 M HCI solution.
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Fig. S7. Chronoamperometric curves of the NPG catalyst in Nj-saturated 0.1 M HCI

solution at various potentials.
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Fig. S8. UV-vis absorption spectra of the 0.1 M HCI electrolytes stained with

indophenol indicator after electrolysis at different potentials for 2 h with the NPG

catalyst.
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Fig. S9. (a) UV-vis absorption spectra and (b) the corresponding N,H, yield rates of

the NPG catalyst in N, saturated 0.1 M HCl solution at different potentials.
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Fig. S10. UV-vis absorption spectra of the electrolytes stained with indophenol

indicator after electrolysis at —0.10 V versus RHE for 2 h under various conditions.
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Fig. S11. (a) The 'H-NMR spectra of '"’NH," standard with different concentrations,
(b) the corresponding calibration curve of "'NH4" concentration against relative signal
integration based on the 'H-NMR spectra. Based on this calibration curve, the Y"NHj3
yield rate at -0.10 V versus RHE is calculated to be 42.6 pg h' mg'., which is

consistent with the result of N, reduction experiment.
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Fig. S12. SEM images of NPG samples prepared at the dealloying potential of (a)
1.257 V, (b) 1.287 V, (c¢) 1.327 V and (d) 1.357 V.
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Fig. S13. NHj; yield rates and Faradaic efficiencies of NPG catalysts with different Ag

contents.
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Fig. S14. Free energy diagrams and corresponding geometric structures of

intermediates of NRR on Au (311) and Ag-doped Au (311).
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Fig. S15. (a) SEM image of the annealed NPG with the ligament sizes of ~72.4 nm. (b)
UV-vis absorption spectra and (c) corresponding NH; yield rates and Faradaic

efficiencies of annealed NPG and as-prepared NPG.
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Fig. S16. SEM image of NPG catalyst after stability test.
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Table S1. Ag contents in NPG samples prepared at different dealloyed potentials.

Sample De(iiliz:fsplgggial Ag content (%)
1 1.257 16.4
2 1.287 14.1
3 1.307 11.4
4 1.327 93

5 1.357 5.6
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Table S2. Comparison of NRR electrocatalytic activity of NPG catalyst and other

electrocatalysts at room temperature and ambient condition.

Catalyst Electrolyte NH; yield rate Faradaic Overpotential Ref
(ng mg 1, hh) efficiency (%) (mV)

NPG 0.1 M HCI 45.7(11.4 pgem2h) 3.41 160 This

work
Au/TiO, 0.1 M HCI 21.4 8.1 260 10
Au/CeOx-RGO 0.1 M HCI 8.3 10.1 260 11
Au HNCs 0.5 M LiCIOy4 3.74 pgem2 h! 359 460 12
THH Au NRs 0.1 M KOH 1.648 pgem2 h! 4.02 260 13
Ag-Au/ZIF THEF solution 6.12 ugm2h! 18 2960 14
SA-Ru/N-C 0.05 M H,SO4 120.9 29.6 260 15
PdRu TPs 0.1 M KOH 37.23 1.85 260 16
Fe-N/C hybrid 0.1 M KOH 34.83 9.28 260 17
FL-BP NSs/CF 0.01 M HCI 31.37 5.07 660 18
SA-Mo/NPC 0.1 M KOH 34.0 14.6 360 19
MoS, 0.1 M Na,SO,4 29.28 8.34 460 20
Cr,04 0.1 M Na,SOy4 253 6.78 960 21
BisV,0,,/Ce0O, PH=1 HCl 23.21 10.16 260 22
MoC/C 0.5 M Li,SO4 11.3 7.8 360 23

Pd/C 0.1 M PBS 4.5 8.2 56 1

PEBCD/C 0.5 M Li,SO4 1.58 pgem2h! 2.85 560 24
Fe,O3/CNT KHCO; 0.22 pgem2h! <0.05 260 25
Fe/Fe;04 0.1 M PBS 0.19 pgem=2h! 8.29 360 26
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