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Experimental details

Preparation of Cu electrodes

Cu foils were purchased from Alfa Aesar (0.025mm thick, Puratronic®, 99.999% (metals basis))
and cutin 2.5 cm X 1cm area. This Cu foil was washed sequentially with acetone (CH3COCHs,
99.5%, Samchun), isopropanaol (IPA, (CH3),CHOH, 99.9%, Samchun), and de-ionized water (DI
water, 18.2 MQ) for 5 min each in bath sonication. The washed Cu foil, w-Cu, was dried by an
air blower and kept in a vacuum. To prepare acid-etched Cu, a-Cu, w-Cu was soaked in 10 mL
of glacial acetic acid (CH3COOH, = 99.7%, Sigma Aldrich) for 5 min.! The etched Cu was
thoroughly rinsed with DI water and dried in a vacuum. To form electropolished Cu (e-Cu), w-
Cu was set as the working electrode in an electrochemical cell and connected with another
Cu as the counter electrode. With phosphoric acid (H3PO,, 285 wt. % in H,0, Sigma Aldrich)
electrolyte solution, 2 V was applied for 5 min.% 3 Afterwards, electropolished w-Cu was
washed with DI water and dried by an air blower. All Cu foils were prepared just before
electrochemical measurements and surface analyses to mitigate air oxidation of the Cu

surfaces.

Electrochemical measurements

All electrochemical measurements were conducted using a gas-tightened H-cell comprised of
the working- and counter-electrode chambers (Figure S3). As-prepared Cu foils were
employed as the working electrode, and Graphite rod (6.15 mm diameter X 102 mm lengths,
99.9995% (metal basis), Alfa Aesar) and Hg/HgO (1 M NaOH) were used as the counter and
reference electrode respectively. Nafion 212 was used as the cation-exchange membrane
between working- and counter-electrode chambers in the H-cell, where H* was exchanged
with K*. This cation exchange was attained by soaking as-received Nafion 212 in 30 wt% H,0,
(Sigma Aldrich) for 12 h, neat H,SO,4 (99.999%, Sigma Aldrich) for 12 h, followed by 1 M KOH

(Semiconductor grade, 99.99%, Sigma Aldrich) solution overnight.

A 1 M KOH aqueous solution was the electrolyte solution. The electrolyte solutions were Ar-
bubbled (99.999% purity) at least 30 min before the cell assembly, and this Ar-saturated
condition was maintained during electrochemical measurements by continuously introducing
Ar gas to the gas-tightened cell. Applying potential was corrected by iR-compensation with an
85% level before tests and was calibrated to the reversible hydrogen electrode (RHE) with
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consideration in the residual 15% iR-compensation after tests. The potential calibration

equation is as follows (Eq. S1),
E (vs. RHE) = E (vs. Hg/HgO) + 0.140 + 0.0592 X pH (14)-0.15 X j X R (Eq. S1)

where E (vs. Hg/HgO) is the measured potential, i is the current, and R is the uncompensated

resistance.

For nitrate reduction reaction (NO3RR), 50 mM KNO3 (99.99%, Sigma Aldrich) was added to a
1 M KOH electrolyte solution. To identify each cathodic wave signal, 50 mM NaNO, (99.999%,
Sigma Aldrich) or 50 mM NH,OH-HCI (ACS reagent, 299.0%, Sigma Aldrich) was added instead
of KNOs.

Electric double layer capacitances (EDLCs) were measured by cyclic voltammetry in - 0.44 ~
-0.46 V vs. Hg/HgO potential range and 10 ~ 50 mV s scan rates. At each scan rate, charging
current density (J charging) Was calculated by averaging the current density of the anodic scan

(4 anodic) and cathodic scan (J cathogic) (EQ- S2).

J charging = 0.5 % (J anodic'J cathodic) (Eq 52)

Electrochemical impedance spectroscopy (EIS) was measured in a frequency range of 10~

101 Hz with 10 mV voltage amplitude.

Characterizations

Cu foil surfaces were analyzed using a scanning electron microscope (SEM, Hitachi, SU5000)
and atomic force microscope (AFM, Agilent 5500 SPM). Root-mean-square (RMS) surface
roughness was estimated by Gwyddion software of AFM, an environmental scanning electron
microscopy (ESEM, Quattro S, FEI) with electron backscatter diffraction (EBSD) mode. X-ray
photoelectron spectroscopy (XPS, Thermo VG Scientific, K-alpha) and linked Auger
spectroscopy were used to detect Cu valence states. All spectra were calibrated with C1s sp3
hybridization to 284.8 eV. For the deconvolution of Cu LMM Auger spectra, commercial CuO
(99.99%, Sigma Aldrich) and Cu,0 (99.99%, Sigma Aldrich) were used as the standard
material.* > The metallic Cu® spectrum was obtained from w-Cu which was Ar* sputtered for

30 sec. The transmission electron microscopy (TEM, Talos F200X, Thermo Fisher) analysis,



coupled with focused ion beam (FIB, Helios G4, FEIl) sample fabrication, was accomplished to
measure the thickness of the oxide layer on w-Cu. Pt of C was deposited before the FIB milling
process to protect the sample surface. The cross-sectional sample thickness was controlled
near 70 nm. The FIB sample was prepared at the KAIST Analysis Center for Research
Advancement (KARA). For isotope tests, 'TH NMR (500 MHz, Bruker AVANCE NEO, Bruker) was
utilized to detect NH4*. The NH,* solution was prepared by standard NH4Cl (99.99%, Sigma
Aldrich), " NH,Cl (=298 atom% >N, Sigma Aldrich), or electro-synthesized from K“NO; or
K>NOj3 (98 atom % *°N, Sigma Aldrich).

Quantitative product analysis — ammonia (NH;)

The quantity of ammonia was analyzed using the UV-Vis colorimetric method, with Nessler
reagent (Sigma Aldrich) as the coloring reagent.®® Because UV-Vis absorptions of the Nessler
reagent relied on solution pH, we prepared calibration curves for the working-electrode
chamber and the acid-trap container separately because ammonia was collected from both

containers.

For the calibration curve of the working-electrode chamber, standard ammonium solutions
were prepared with 0.32, 0.64, 1.00, 2.01, 3.01, 4.01, and 5.02 mg L"* concentrations in 0.1 M
KOH solution. For the acid-trap container, 1.00, 2.01, 3.01, 4.01, and 5.02 mg L of standard

solutions were prepared in 5 mM H,SO, solution.

For the NOsRR product analysis, the analyte (electrolyte solution) in the working-electrode
chamber was collected and diluted 50 times using 0.1 M KOH solution. The analyte in the acid-

trap container was collected and diluted 10 times using 5 mM H,SO,.

The above standard solutions or analytes 5 mL were injected into a 0.5 mL of 0.2 M potassium
sodium tartrate tetrahydrate (KNaC,H,O4-4H,0, 99%, Sigma Aldrich) aqueous solution. Then,
0.5 mL of Nessler reagent was added, and the solution was shaken thoroughly. After waiting
for color development for 20 min, UV-Vis absorption at 420 nm was measured using Lamda
265 spectrometry (Felkin Almer). These works were repeated three times for each, and the

resulting independent measurements were averaged with the standard deviation.



Faradaic efficiency (FE), partial current density (/nw;), and yield were estimated by following
equations (Egs. S4-6), where C is the concentration, V is the electrolyte volume, F is the
Faradaic constant, Jyyeraged iS the averaged current density during 1 h chronoamperometry
tests at the given potential, and A is the electrode surface area.

Crn, (molL™") x V(L)x F(Cmol™') x 8
x 100

FE (NH5, %) = total electron pass (C) (Eqg. S4)
Jpartial (NH3, mA cm™) = FEnn, (%) x Javeraged (mA cm??) (Eq. S5)
Crp, (wmol L™1) x V (L)

Yield (NHs, umol cm2h?) = A(em®) x 1h (Eq. S6)

Quantitative product analysis — nitrite (NO,)

The nitrite was detected by Griess reaction®® and qualified using the UV-Vis colorimetric
method. Standard nitrite solutions were prepared at 0.10, 0.20, 0.30, 0.40, 0.50, and 1.00 mg
L1 concentration in DI water for the calibration curve. The coloring reagent of the Griess test
was prepared by mixing 2 g of sulfanilamide (299.0%, TCl), 0.1 g of N-(1-Naphthyl)
ethylenediamine (>98%, Sigma Aldrich), 5 mL of 85 wt% H3PO, (Sigma Aldrich), and 25 mL of
DI water. Afterward, 5 mL of the standard solution and 0.1 mL of the coloring solution were
mixed. After 20 min waiting, UV-Vis absorption was measured at 540 nm. Three independent
measurements were repeated, and absorbances were averaged with the standard deviation.
A similar method also detected the analyte after 1 h of chronoamperometry tests. The analyte
solution was only collected from the working electrode chamber and diluted 800 times using

DIl water.
FE, JNo,-, and yield were estimated by following equations (Egs. S7-9).

Coo- (molL™") x V(L)X F(Cmol™") x 2
2

x 100
FE (NO;, %) = total electron pass (C) (Eq. S7)

E
Jpartial (NOZ-r mA Cm-z) =F NOZ (%) xJ averaged (mA Cm-z) (Eq 58)



CNOE (umol L™1) x V(L)

Yield (NO,", pmol cm2 h) = A(cm®) x 1h (Eq. S9)

Au@SiO, nanoparticle preparation for enhanced Raman spectroscopy

For operando electrochemical shell-isolated nanoparticle enhanced Raman spectroscopy
(SHINERS) analysis, SiO, shell-isolated Au nanoparticle (Au@SiO,) was synthesized, referred
to in the previous report.® First, the Au seed particle was synthesized. A 20 mL of 0.01 wt%
chloroauric acid (99.99%, Alfa Aesar) was injected in a round-bottom flask and heated to boil
at 100 °C. After adding 0.2 mL of 1 wt% sodium citrate (99.0%, Sigma Aldrich) and 30 min
holding, the solution was cooled to room temperature. Afterward, 2 mL of Au seed particle
(~40 nm) was added to a new round-bottom flask with 26.5 mL of DI water. The solution was
blended with 0.45 mL of 1 wt% sodium citrate and stirred for 3 min, followed by adding 0.45
mL of chloroauric acid (1 wt%) and stirred for 8 min. Finally, 0.7 mL of 10 mM hydroxylamine
hydrochloride (NH,OH-HCI, Sigma Aldrich) was dropped wisely for 5 min under stirring, and
the solution was stirred 1 h further. Through this process, the Au nanoparticle size became
enlarged to 150 nm. The solution (a total of 15 mL) was diluted to 30 mL using DI water, and
0.5 mL of 0.5 mM (3-Aminopropyl)triethoxysilane (APTES, Sigma-Aldrich) was injected,
followed by an additional 20 min stirring. To coat the Au nanoparticles with the SiO; shell, 2.8
mL of 0.54 wt% sodium silicate solution (27% SiO,, Sigma-Aldrich) was added to the prepared
solution and stirred for 3 min. Then, the solution was heated to 90 °C in a water bath, stirred
for 1 h, and rapidly cooled down using an ice bath. The solution was washed and centrifuged
with DI water 5 times to obtain Au@SiO, nanoparticles. (Relative centrifugal force as 598 g for
10 min) Synthesized nanoparticles were characterized by XPS, SEM, and TEM (FEI Company,
Tecnai F20).

A 20 pL of Au@SiO, nanoparticle solution was diluted using 20 pL of IPA and mixed with 2 uL
of 0.25 wt% Nafion solution (DE520, lon power). 5 uL of this solution was drop cast on the Cu
electrode, and electrodes were dried in a vacuum desiccator at least 15 min before operando

electrochemical Raman measurements.

Operando electrochemical shell-isolated nanoparticle enhanced Raman spectroscopy

(SHINERS) measurements



As shown previously,®!! thin SiO, layers in SHIN effectively quench any electrochemical
reaction on the Au surface while maintaining the strongly confined electromagnetic field for
sensitive surface-enhanced Raman scattering (SERS) detection of surface species on Cu
surfaces. As SHIN, Au@SiO, nanoparticles were prepared with 150 nm-diameter Au core and
5 nm-thickness SiO, shell (see the above and Figure S16) and drop-cast onto Cu electrodes
after being mixed with Nafion binder that was used for stable attachment. These Au@SiO,

nanoparticles amplify the Raman signal by plasmonic (Figure $17).%-11

Raman microscope (Andor Shamrock SR-750, Oxford Instruments) with a 633 nm excitation
laser source was used for operando electrochemical SHINERS analysis. A light was focused
onto the sample through a water-immersion objective lens (LUMPLFLN4OXW, Olympus,
numerical aperture: 0.8) covered with PFA film (perfluoroalkoxy, 0.05 mm thickness, AS ONE),
and the same objective lens was used to collect the SERS radiation. A droplet of DI water was
placed between the objective lens and the PFA film to adjust the refractive index of the
electrolyte solution. Operando electrochemical Raman cell (K008, ida) was used, where leak-
free Ag/AgCl (3.4 M KCl) and Pt wire were employed as the reference and counter electrode,
where negligible Pt contamination was expected for a short reaction time. All the
electrochemical measurements were conducted using an electrochemical workstation (SP-
150, Biologic). The cathodic reaction was conducted to the Au@SiO, drop-cast Cu foil (1.5 cm
X 2.5 cm area) as the working electrode by holding a constant potential for 5 min and
measuring Raman spectroscopy for 30 s exposure at the same potential. This process was

repeated from 0.0 V to —0.5 V with a -0.1 V gap.

Computational details

Raman peak prediction

The theoretical Raman peak positions were obtained from the density functional theory (DFT)
calculation, which employs the Gaussian 09 package.'> We utilized a 6-311G++ (d, p) basis set
for free molecules without metals. For the Cu-molecule complexes, we utilized the combined

basis sets of LanL2DZ (Cu atom) and 6-311G++ (d, p) (molecular part), using the multi-layered



ONIOM (Our own N-layered Integrated molecular Orbital and molecular Mechanics)3 14

methods.

Free energy calculation

All DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP)
coupled with the Hubbard U correction.?1” The projector augmented wave (PAW) method
was used, and the Perdew-Burke-Ernzerhof (PBE) functional was applied for all the structural
optimizations.'® 1° Plane waves with an energy cutoff of 400 eV were applied, and U values
(employed as U-J) of 3.6 were applied for Cu,0 and 7.14 for CuO for delocalization issues of
standard DFT.2%-22 |n addition, we employed the dispersion-corrected DFT-D method for long-

range interactions like van der Waals interactions.?3 In each structural model, a vacuum layer
of 15 A was set to avoid the influence of interaction between the top and bottom slab. Also,

each structural model consists of four atomic layers, two of which are fixed at the bottom to
simulate the bulk phase of the model. The Brillouin zone was sampled by the Monkhorst-Pack
scheme, and the k points of 3x3x1, 3x3x1, and 3x2x1 were applied for the Cu, Cu,0, and CuO

surfaces, respectively.?* The convergence criteria for the energy and interatomic forces are
set 10 eV and 0.03 eV/A, respectively. Since the reduction process proceeded in an aqueous

environment and involved *H transfer, the solvent effect was considered for all adsorbents
with implicit solvation models.?> A dipole correction was considered along the vertical
direction to minimize inaccuracies in the total energy because of simulated slab interaction.?®
Minimum energy paths and saddle points for all structural models were found using the

climbing image nudged elastic band (CI-NEB) method.?”
For each step, the reaction free energy (AGR) is calculated by

ACR = AE + NZPE —TAS (Eq. S10)
where AE is the total energy difference between reactants and products, AS is the change in
entropy for each reaction, T is the temperature (298.15 K), AZPE and is the zero-point energy
correction to the reaction free energy. In this way, the reaction-free energy of intermediates
can be calculated. When a reaction proceeds in a solution at pH apart from 0, the free energy

that H* takes part in is corrected by



A = *5T |n10 * pH (Eq. S11)

where kg is Boltzmann’s constant and T is the temperature.?®
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Scheme S1. Fabricating methods of electrodes. The w-Cu was prepared by sequential bath
sonication of as-received Cu foil in acetone, isopropanol (IPA), and DI water. The a-Cu was
prepared by soaking w-Cu in glacial acetic acid for 5 min. The e-Cu was formed by
electrochemical oxidation of w-Cu in 85 wt% HsPO,4 by applying 2 V from another Cu foil as
the counter electrode.
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Figure S1. XPS analysis of as-prepared w-Cu, a-Cu, and e-Cu (from left to right). XPS spectra

arein (a) Cu 2p, (b) C1s, (c) O 1s, and (d) N 1s binding energy (BE) regions.

Assigned signals are as follows. Cu 2p: Cu*/°(932.5, 952.3 eV), Cu?*(933.8, 953.4 eV), 2931 C
1s: C-C(284.8 eV), C-O (285.7 eV), C=0 (288.6 eV),30 0 1s: CuQ (529.3 eV), Cu,0 (530.5 eV), C-
0 (513.6 eV), C=0 (532.9 eV),2% 3! and N 1s: C-NH, (400.1 eV), and NO5™ (406.8 eV). The N 1s

signals were referred to the 2012 NIST XPS database.3?
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Figure S2. Quantitative analysis of Cu LMM spectra by the linear combination fitting of the
standard material spectra. (a) CuO (Cu?*), Cu,0 (Cu*), and metallic Cu (Cu®) standard spectra.
(b-d) Deconvoluted sample spectra of as-prepared (b) w-Cu, (c) a-Cu, and (d) e-Cu. (e)
Comparative area percentage of Cu?*, Cu*, and Cu® for as-prepared samples.
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Figure S3. Digital photo of gas-tightened H-cell, comprised of working-electrode and counter-
electrode chamber, linked with acid-trap container. The Cu electrode, graphite rod, and
Hg/HgO (1 M NaOH) are working, counter, and reference electrodes. An Ar-purged 1 M KOH
aqueous solution was electrolyte, where 50 mM KNO; was added for NO3RR tests. A
membrane was Nafion 212, where H* was exchanged with K*. The acid trap container included
5 mM H,S0, aqueous solution with Ar bubbling and served as capturing vaporized NH;. For
guantitative NH; analysis, evolving gas was collected from the working electrode chamber
and the acid trap.
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Figure S4. XPS analysis of w-Cu, a-Cu, and e-Cu (from left to right) after 10 min of soaking in
an Ar-saturated 1 M KOH solution with 50 mM KNOs electrolyte. XPS spectra are in (a) Cu 2p,
(b) C1s, (c) O 1s, and (d) N 1s binding energy (BE) regions.
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Figure S5. Tafel slopes of 50 mM NOs reduction close to the onset potential of each electrode.
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Figure S6. Cyclic voltammogram (CV) of 50 mM NO;™ reduction during 3 cycles for (a) e-Cu, (b)
a-Cu, and (c) w-Cu electrode. The blank (dashed lines) indicated a KNOs-free electrolyte
solution.
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Figure S7. SEM image of Cu surfaces after 3 cycles of CV in 50 mM KNO3; and 1 M KOH
electrolyte solution (Figure S6). The electrodes are (a) e-Cu, (b) a-Cu, and (c) w-Cu.
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Figure S8. Electrical double layer capacitance (EDLC) measurements for w-Cu, a-Cu, and e-Cu
electrodes before and after 4 cycles of CV in 50 mM KNOs and 1 M KOH electrolyte solution
with Ar bubbling at 20 sccm. (a) Estimated EDLC before and after CV cycles. (b)
Electrochemical surface area (ECSA)-normalized current density (/) for the fourth cycled CVs.
Detailed calculations of ECSA are shown in Table S3.
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Figure S9. UV-Vis titration of Nessler's reagents for quantitative ammonia detection in
alkaline and acidic conditions, applied for analytes in the working-electrode chamber and the
acid-trap container, respectively. Representative absorptions and calibration curve for (a-b)
0.1 M KOH solution and (c, d) 5 mM H,SO, solution. Each point is an average of 3 independent
measurement results. (e) Digital photo of standard solutions with different concentrations of
NH; and (f) chemical equation of ammonia detection using Nessler’s reagent.

18



(a)15 (b) 1.0
A=540nm g?g mgt R2 = (09997
020 malL 0.8+ A=0093878c+ 000472
= 1.0 ——030mgL| =
- —o4omgL| = 0.6
E —— 050 mglL f_’
® —100mgl| o 0.4-
0 0.5 QO
< < 02- Good linearity
0.0- 0.0-
400 500 600 700 800 00 02 04 06 08 1.0 i
Wavelength / nm NO, Concentration /mg L
(c) 0.00 mg/L »  1.00 mg/L
(d) NH; Ny’ hHy ik
© HNO, © " Hs O NH
S A R Ve nas
NH NH A
|—> 2 2 <—‘ HzN’S\b
Sulfanilamide N-(1-Naphthyl) ethylenediamine deep purple

Figure S10. UV-Vis titration of Griess test for quantitative NO, detection in alkaline and acidic
conditions. (a) Representative absorption curves and (b) calibration curve of NO, detection.
Each point is an average of 3 independent measurement results. (c) Digital photo of standard
solutions with different concentrations of NO, and (d) chemical equation of Griess test.
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Figure S11. Potential-dependent NOsRR efficiency for (a-b) e-Cu, (c-d) a-Cu, and (e-f) w-Cu
electrodes. (a, c, e) Partial current density (Jyarias) and (b, d, f) product yield after 1 h 50 mM
NOs reduction. The Jy,is for ‘undetected’ was estimated from the following equation.
-y, -/

3 T NOy (Eq. S$12)

-2y _
]undetected (mA m ) - ]averaged

20



(b)
J J\\ “NH,*
72 71 70 69 68

o/ ppm

Figure S12. 'H NMR spectra for isotopic analysis of (a) °NH,* and (b) *NH,*. The bottom
spectra are the standard solution of (a) *>NH,* and (b) *NH,*. The top spectra are the
electrolyte solution after 1 h of (a) 1>NO3  and (b) 1*NO3" reduction on e-Cu at -0.4 V vs. RHE.
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Figure S13. Electrochemical impedance spectroscopy (EIS) analysis of Cu electrodes. (a-b)
Nyquist plots at (a) 0.0 V and (b) -0.1 V vs. RHE. The EIS was conducted in a 106 ~ 10! Hz
frequency range with 10 mV voltage amplitude. The equivalent circuit model was included in
the inset of (a), where Ry, Ry, and CPEy represent solution resistance, charge transfer
resistance, and constant phase element for double-layer capacitance, respectively. (c)
Estimated R at 0.0 Vand -0.1 V vs. RHE based on the equivalent circuit model. The estimated
charge-transfer resistances are 3.78, 19.35, 17.71 £ cm? at 0.0 V, and 2.45,9.73, 11.14 & ¢cm?
at -0.1V for e-Cu, a-Cu, and w-Cu, respectively.
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Figure S14. Qualitative analysis for undetected species from w-Cu. Gas-chromatograms of (a)
standard gas with H, (1000 ppm), N, (200 ppm), and N,O (200 ppm), balanced by Ar gas, (b)
gas products from NO; free 1 M KOH electrolyte solution after 15 min cathodic reaction at -
0.6 V vs. RHE, and (c) gas products from 50 mM KNOj; included 1 M KOH solution after 15 min
NOsRR at -0.4 V vs. RHE. The insets indicate high-magnified signals of H, (1.4 ~ 1.7 min) and
N,O (9.5 ~ 9.8 min). H,, N,, and N,0 gases were detected from w-Cu after NOsRR, where we
cannot rule out the presence of N, from air during the electrochemical cell assembly.
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Figure S15. Potential-dependent half-cell energy efficiency (EE) for NH; electro-synthesis.

Half-cell EE was calculated in the following equation,3* where voltage efficiency (VE) for NHs,
E 0
Faradaic efficiency for NH; (FEnus), equilibrium potential of NO3™ to NH; reduction (¥¥3, 0.69

Vrue), and applied potential after iR compensation (E) were included.

(123 - EN%S) FEyy,

123 - F (Eqg. S13)

EEyy,=VE X FEyy =
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Figure S16. Characteristics of Au@SiO,. (a-b) SEM images, (c) TEM image, and (d-f) XPS
spectra in (d) Au 4f, (e) O 1s, and (f) Si 2p BE regions.3? The Au diameter was ~150 nm, and
the SiO, shell thickness was 4 ~ 6 nm. XPS spectra were calibrated by Au® 4f;, to 84.0 eV.
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Figure S17. Effect of shell-isolated nanoparticles (SHIN) on SERS for the e-Cu surface at-0.1 V
vs. RHE in 1 M KOH. A 50 mM KNO3 was used in the case of the NOs™ inclusion.
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Figure S18. Potential-dependent Raman signal intensities for Cu(OH),/Cu-OH, Cu,0, and CuO
(from top to bottom panels) from (a) e-Cu and (b) w-Cu, with the same intensity scale.
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Figure $19. Raman spectra of citrate buffer and Nafion binder under the same measurement
condition of Raman signal collecting of operando SHINERS.
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Figure $20. The structural model of Cu(100), Cu,0(100) and CuO(100).
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Figure S21. The optimized structures of four intermediates adsorbed on Cu(100).
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Figure S22. The optimized structures of four intermediates adsorbed on Cu,0(100).
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Figure S23. The optimized structures of four intermediates adsorbed on CuO(100).
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Table S1. Comparative Tafel slope for Cu-based NOsRR electrocatalysts.

Electrocatalyst I::SI:LZT)? [NOs ] Electrolyte Ref #
e-Cu 71.4
w-Cu 105.5 50 mM 1 M KOH This work
a-Cu 129.0
Cu,0 at Ni foam 90 50 mM 0.5 M Na,SO, 35
zﬁf;r22§$ﬁ: 94 10 mM 0.1 M KOH 3%
Cu foil 122 1M 1 M KOH 37
Cu foil 130 20 mM 0.1 M Na,H;.,PO, 38
Electrodeposited Cu 130 0.1M 0.1 M H,S0, 39
Cu at Ni foam 130.6 200 ppm 1 M KOH 40
Polycrystalline Cu 206 1mM 0.1 M HCIO,4 41
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Table S2. Surface area and roughness factor measurement by AFM. The roughness factor was
converted from the RMS surface roughness using the Gwyddion program, assuming a

projected area of 100 um?2.

As prepared Electrodes
Projected area (um?) Surface area (um?) Roughness factor @
e-Cu 100.3 1.003
a-Cu 100 101.8 1.018
w-Cu 100.9 1.009

2 calculated from the ratio between projected and measured surface area.

Table S3. Electrical double layer capacitance (EDLC), electrochemical surface area (ECSA), and

roughness factor of Cu electrodes before and after 4 cycles of NOsRR CV (Figure S8).

After 4 cycles of NOsRR CV

Before NOsRR CV
EDLC @ ECSA® Roughness EDLC @ ECSA® Roughness
(HF cmZe,) | (cmZecsa) factor (HF cmZe,) | (cmZecsa) factor ¢
e-Cu 72.2 1.81 1.1 233.1 5.83 3.6
a-Cu 136.7 3.42 1.8 189.8 4.75 2.5
w-Cu 168.4 4.21 2.6 178.6 4.47 2.7

2 ‘geo’ indicates geometrical surface area.
b- converted from EDLC with a specific capacitance of flat metal electrode (40 puF cm2 gesa)® 4% 43

¢ calculated from the ratio between ECSA and geometrical surface area.
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Table S4. Assigned Raman shifts for Cu oxides and hydroxides

Raman shift / cm?

Assignment
Measured Reference Ref #
360 332, 340, 347 2,44,45
588 590
CuO 45
630, 635 631
653 650 44
430 412, 415
506 502, 509 11, 45,
CUzO 46
528 528
615 618, 619, 623
463 460
45
Cu(OH), 489 490
674 680 47
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Table S5. Measured and calculated Raman shifts of NO3RR intermediates

Raman shift / cm?

Assignment
Measured Calculated Reference Ref#
v, (NO5") 1015, 1018 - 1015, 1018
NO5 V. (NO3) stretch 1047, 1049 1032 1044 11,48
Vas (NO3) stretch 1345, 1352, 1366 1324 1350, 1372
v.(NO2) of "ONO” 1180, 1185 1285 1180
*O-NO 1193, 1200 - 1200
NO, | v, (NOy) of "ONO* 1275, 1291 1249 1280 11,48
*ON=0 1367, 1370, 1377 - 1372-1374
*ON*=0 1428, 1442, 1450 1402 1434
NO 1608, 1617 I 49
Cus-N"=0 (3-fold) 1610
v(N=0) of H*NO 1522, 1527 1283 1528, 1531
HNO 1
H*NO bend, stretch 1534 1326 1534
NH N-H 1520 749 1520, 1526 50,51
‘NH, 1160 1152 51
-NH, 1453
S (HNH) 1308, 1311, 1320 1307 1
NH; 998 978 998 35
NH;
O (HNH) 1564, 1569, 1578 1599 1582, 1591 1

* indicating the surface adsorbed atom
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Table S6. Gibbs free energy calculation corrected by pH for the four reactions.

Reaction pH correction Gibbs free energy

*NOy 2H™ 427 > *NO4H20 MG, = AGg + 2kgTIn10 * pH

*NO42H T 12e 5 *N4H0 NG, = DGR + 2kTIn10 = pH

*NO4H™ +e™ 3 H*NO MGy = AGp + kyTIn10 = pH

*NO4H ™ +e” 3 *NOH AG, = AGp + kyTIn10 * pH

Table S7. Calculated Gibbs free energy (in eV) on different catalysts at pH = 14.

Cu(100) Cu,0(100) Cu0(100)
AG, 0.750 0.765 0.842
AG, -0.027 1.874 1.969
AG, 0.306 0.829 0.847
AG, 0.665 1.026 1.690

Table S8. Energy, correction of zero-point energy, and enthalpic contribution of gas

corrections for H,0 and H, used in the Gibbs free energy calculations.

Molecule E (eV) ZPE (eV) 2 TAS (eV) b
H,0 -14.22 0.27 0.67
H, -6.76 0.57 0.41

aData from T. Hu et al. 32

bData from J. K. R. Ngrskov, J. et al. 28
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