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Experimental Section

Materials: CF was purchased from Shenzhen Green and Creative Environmental Science and
Technology Co. Ltd. Sodium hydroxide (NaOH), ammonium chloride (NH4CI), ethanol
(C2H6O, 99.0%), salicylic acid (C;7HgO3), sodium citrate dehydrate (CsHsNazO;-2H,0),
p-dimethylaminobenzaldehyde (CgH::NO), sodium hypophosphite (NaHPO,), sodium
nitroferricyanide dihydrate (CsFeNgNa,O-2H,0), sodium nitrite (NaNO;) sodium dihydrogen
phosphate dihydrate (NaH,PO,), disodium hydrogen phosphate dodecahydrate (Na;HPO,)
and sodium hypochlorite solution (NaClO) were purchased from Aladdin Ltd. (Shanghai,
China). Nitric acid (HNOg), sulfuric acid (H2SO,4), hydrogen peroxide (H,0.), hydrazine
monohydrate (N,H;-H,O), phosphoric acid (H3PO4) and ethyl alcohol (C,HsOH) were
purchased from Beijing Chemical Corp. (China). chemical Ltd. in Chengdu. The ultrapure
water used throughout all experiments was purified through a Millipore system. All reagents
were analytical reagent grade without further purification.

Preparation of Cu(OH), NA/CF: CF was first cut into 0.5 cm x 1 cm pieces and cleaned by
water and absolute ethanol before using. The CF was directly used as the working electrode to
perform galvanostatic tests in 1.5 M NaOH aqueous solution for 20 min under 6 mA. After
that, the CF was taken out and washed with distilled water and ethanol several times to
obtain Cu(OH), NA/CF, followed by drying at 60 °C.

Preparation of CusP NA/CF: To synthesize CusP NA/CF, the Cu(OH), NA/CF was placed
at the at the downstream side of the tube furnace and 20 mg NaH,PO, was put at the
upstream side of the tube furnace. Then tube furnace was heated to 280°C with a heating
rate of 2 °C min ! under an Ar atmosphere and held at this temperature for 120 min. After
being naturally cooled to room temperature, CusP NA/CF was obtained.
Characterizations: Power XRD data were acquired by a LabX XRD-6100 X-ray
diffractometer with a Cu Ka radiation (40 kV, 30 mA) of wavelength 0.154 nm (SHIMADZU,
Japan). SEM images were collected on a GeminiSEM 300 scanning electron microscope
(ZEISS, Germany) at an accelerating voltage of 5 kV. XPS measurements were performed on
an ESCALABMK Il X-ray photoelectron spectrometer using Mg as the exciting source. The
absorbance data of spectrophotometer was measured on UV-Vis spectrophotometer. The ion
chromatography data were collected on Metrohm 940 Professional IC Vario. ICP-MS analysis
was performed on Thermo Fisher Scientific iCAP Q ICP-MS.



Electrochemical measurements: We used a H-type electrolytic cell (volume of the reaction
cell: 50 mL for both anodic and cathodic compartment) separated by a Nafion 117 Membrane
which was protonated by boiling in ultrapure water, H,O, (5%) aqueous solution and 0.5 M
H,SO, at 80 °C for another 2 h, respectively. Both the anolyte and catholyte are 30 mL. A
three-electrode configuration was utilized for electrochemical experiments using CuzP NA/CF
as the working electrode (0.5 x 0.5 cm?), Ag/AgCl (filled with saturated KCI solution) as the
reference electrode and graphite rod (6 mm in diameter, 7.5 cm in length) as the counter
electrode. The electrochemical experiments were carried out with an electrochemical
workstation (CHI 660E) in 0.1 M PBS with 0.1 M NaNO,. The potentials reported in this
work were converted to reversible hydrogen electrode (RHE) scale via calibration with the
following equation: E (RHE) = E (vs. Ag/AgCl) + 0.61 V and the presented current density
was normalized to the geometric surface area.

Determination of NH;": Owing to the large concentration of products, the obtained reaction
solutions were diluted 100 times. Concentration of produced NH," was determined by
spectrophotometry measurement with indophenol blue method.! In detail, 2 mL electrolyte
was obatined from the cathodic chamber and mixed with 2 mL of a 1 M NaOH solution that
contained salicylic acid and sodium citrate. Then, 1 mL of 0.05 M NaCIO and 0.2 mL of 1
wt% CsFeNgNa,O. After standing at room temperature for 2 h, the ultraviolet-visible
absorption spectrum was measured. The concentration of NH,;" was determined using the
absorbance at a wavelength of 655 nm. The concentrationabsorbance curve was calibrated
using standard NH," solution with a serious of concentrations. The fitting curve (y = 437 x +
0.0397, R? = 0.999) shows good linear relation of absorbance value with NH4* concentration.
Determination of NO,: Owing to the large concentration of solution, the obtained reaction
solutions were diluted 1000 times. The NO,~ concentration was analyzed using the Griess
test.” The Griess reagent was prepared by dissolving 0.1 g of N-(1-naphthyl)ethyldiamine
dihydrochloride, 1.0 g of sulfonamide and 2.94 mL of HsPO,4 in 50 mL of deionized H,0. In a
typical colorimetric assay, the Griess reagent (1.0 mL) was mixed with the nitrite-containing
solution (1.0 mL) and H,O (2.0 mL), and allowed to react at room temperature for 10 min, in
which the sulfonamide reacts with the NO, to form a diazonium salt and then further reacts
with the amine to form an azo dye (magenta). The absorbance at 540 nm was measured by
ultraviolet-visible spectroscopy and the NO, concentration was calculated (y = 0.181 x +
0.0535, R? = 0.999).

Determination of N,H4: The N,H4 production was estimated by the method of Watt and
Chrisp.® The color reagent was a mixed solution of 5.99 g CoH1:NO, 30 mL HCI and 300 mL



C,HsOH. In detail, 5 mL electrolyte was removed from the electrochemical reaction vessel,
and added into 5 mL prepared color reagent and stirred 15 min at 25 °C. The absorbance of
such solution at the absorbance of 455 nm was measured to quantify the hydrazine yields with
a standard curve of hydrazine (y = 0.0479 x + 0.0041, R*= 0.999).
Determination of FE and NH," yield:
Equations of cathode reaction of NO, RR:
NO, + 6e” + 8H" — NH," + 2H.0, in acidic media (1)
NO,™ + 6e” + 6H,0 — NH," + 80OH", in neutral/alkaline media (2)
Equations of anode reaction:
40H™ — 2H,0 + O, + 4e™ (3)
Possible overall reaction:
2NO;™ + 6H,0 — 30, + 2NH," + 40H™ (4)
Equations of cathode reaction of NO3; RR:
NO;™ + 8¢” + 10H" — NH," + 3H,0, in acidic media (5)
NO;™ + 8¢™ + 7H,O — NH," + 100H™, in neutral/alkaline media (6)

FE toward NH,;" via NO, RR was calculated by equation:

FE=6xF x ([NH"] XV / Mnua') / Q x 100% (7)
FE toward NH,4" via NO3™ reduction reaction (NOs;"RR) was calculated by equation:

FE =8 x F x ([NH;'] XV / Mnna") / Q x 100% (8)
NH," yield rate was calculated using the following equation:

NH," yield rate = [NH; 1x V / (M s’ x t X A) (9)
For the NO;™ electroreduction experiments, the selectivity of NH," is acquired by equation:

Selectivity = [NH4']/ A[NO,] x 100% (10)

Conversion rate:

Conversion rate = A[NO; ]/ [NO;] x 100% (11)
Where 6 and 8 are electron transfer numbers for NO, RR and NO3 RR, respectively (the

reduction of NO,™ to NH," consumes 6 electrons, and the reduction of NO3™ to NH,"
consumes 8 electrons), F is the Faradic constant (96500 C mol™), Myna" is the molar mass of
NH," ( = 18), [NH,4] is the measured NH,* concentration (The unit of [NH,'] is mg L™),
[NO,] is the initial concentration of NO,~ (The unit of [NO,] is mg L ™), A[NO,] is the
converted NO,  concentration (the concentration difference of NO, before and after

electrolysis), V is the volume of electrolyte in the cathodic or anodic compartment (30 mL),

3



the unit of Vis L, Q is the total quantity of applied electricity; t is the reduction time (2 h), A
is the geometric area of working electrode (0.5 x 0.5 cm?), and [NO,] is the concentration
difference of NO,™ before and after electrolysis. Besides, E° (the redox potential of NO, /NH;
(NH4") = 0.897 V vs. NHE.

Computational details

First-principles calculations were performed using Vienna ab initio simulation package
(VASP) within the framework of density functional theory (DFT).* The projected augment
wave (PAW) pseudopotential® with the Perdew, Burke, and Ernzerhof (PBE) functional® were
adopted. The DFT+D3 method was used to describe the long-range dispersion interaction.’
The convergence criteria for the total energy and the force are 10 eV and 0.02 eVA™,
respectively. Spin polarization was considered for all the calculations. The charge transfer
was calculated using Bader analysis.® To simulate the surface, the slab model has been used
with a vacuum layer of at least 16 A. The Monkhorst-Pack (MP) grid® was used to sample the
Brillouin zone with the kinetic cutoff energy of 450 eV for the plane-wave basis set. For
modelling the unit cell of the CusP bulk, the 6x6x5 MP grid was used, and for the surface unit
cell and supercell the 5x5x1 and 3x3x1 MP grids were adopted, respectively.

With the above settings, as shown in Fig. S17a, the calculated lattice parameters of the
CusP bulk (a = 6.86 A and ¢ = 7.08 A) are in good agreement with previous works.® The
Cu3P(300) surfaces were adopted to study the mechanism of the nitrite reduction reaction. It is
noted that there are three different terminations for the CuzP(300) surface, as shown in Fig.
S18. The three slab models contain six atomic layers, in which the bottom three layers are
fixed to mimic the bulk. To determine the most stable one, we calculated and compared the

surface energy (y) of the three surfaces according to the equation:

Eu.nrelax E relax

1
Y = ﬂ[ slab - nEbu.N(] + H[ slab

unrelax
Esi!ab

where, A is the surface aera of one side of the slab; n is the number of CusP units of the
slab; Ej, is the total energy of the bulk CusP formula unit; EZZI* and EX7e'a are the
total energies of the relaxed and unrelaxed slabs, respectively. The calculations indicate that
the most stable one has a surface energy of 1.403 J/m? (the one presented in Fig. S18a). Then
the NO, RR was studied over the CuzP (300) (vV2x+/2) supercell as shown in Fig. S19, which
is constructed based on the structure in Fig. S18a.

To calculate the change in Gibbs free energy for the elemental steps, the computational

hydrogen electrode (CHE) model has been adoped,™ using the following equation:

4



AG = AE + AEzpg — TAS + AGy
In the equation, the total energy (E), zero-point energy (Ezpe), and entropy (S) of the
intermediates were obtained from DFT calculations (Table S4 and S5), while the
thermodynamic corrections of the free molecules taken from the NIST databases.*? In addition,
AGy is the free-energy contributions related to the applied electrode potential U, which was
used to ensure that every step in the assumed NRR procedures is exergonic. When calculating
the adsorption energy of NO; , the neutral HNO; in gas phase was chosen as reference and
then the energy of NO, was obtained from the thermodynamic cycle to avoid the difficulty of

using periodic DFT for the charged system.™



Fig. S1. Photograph of bare CF (left), Cu(OH), NA/CF (middle), and CusP NA/CF (right).
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Fig. S2. Side-view SEM image of CuzP NA/CF.
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Fig. S3. XPS spectra of CuzP NA/CF in the (a) Cu 2p and (b) P 2p regions.
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Fig. S4. (a) UV-Vis absorption curves of indophenol assays kept with different concentrations

of NH," for 2 h at room temperature. (b) Calibration curve used to estimate the concentration

of NH," concentration.
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Fig. S5. (a) UV-Vis curves of various NO,™ concentrations after incubated for 10 min at room

temperature. (b) Calibration curve used for calculation of NO,™ concentrations.
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Fig. S6. (a) UV-Vis absorption spectra of various N,H,; concentrations stained with the

CyH11NO indicator after incubated for 15 min at room temperature. (b) Calibration curve used

for calculation of N,H,4 concentration.
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Fig. S7. UV-Vis absorption spectra of the electrolytes stained with the indophenol indicator

after bulk electrolysis for 2 h.
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Fig. S8. (a) lon chromatograms of NH4CI with different concentrations in 0.1 M PBS and (b)
corresponding standard curve. (c) lon chromatograms for the electrolytes at a series of
potentials after electrolysis for 2 h. (d) Ammonium yield rates and FEs of CusP NA/CF at
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Fig. S9. (a) Chronoamperometry curves of CusP NA/CF, Cu(OH), NA/CF, and bare CF
substrate at 0.5 VV vs. RHE in 0.1 M PBS with 0.1 M NaNO,. (b) UV-Vis absorption spectra
of the electrolytes stained with the indophenol indicator after bulk electrolysis for 2 h. (c)
Corresponding ammonium yield rates and FEs of CuzP NA/CF, Cu(OH), NA/CF and bare
CF substrate. (d) Corresponding selectivity toward ammonium of CusP NA/CF, Cu(OH),

NA/CF and bare CF substrate.
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Fig. S10. UV-Vis absorption spectra of the electrolytes estimated by the method of Watt and

Chrisp after 2 h electrolysis at each given potential under ambient conditions.
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Fig. S11. The reaction between NaNO; and acids (such as diluted hydrochloric acid (0.1
M HCI) solution) can produce undesired nitric oxide (NO), nitrogen dioxide (NOy)

contaminants.
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Fig. S13. (a) Chronoamperometry curves of CusP NA/CF under recycling tests for NO, RR
at —0.5 V vs. RHE in 0.1 M PBS with 0.1 M NaNO.. (b) UV-Vis absorption spectra of the

electrolytes stained with indophenol indicator after NO, RR electrolysis.
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Fig. S14. (a) Chronoamperometry curves under different time periods. (b) UV-Vis absorption

spectra of the electrolytes stained with indophenol indicator after NO, RR electrolysis.
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Fig. S15. XRD pattern of CusP NA/CF after stability tests.
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Fig. S16. SEM images of CusP NA/CF after stability tests.
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Figure S17. (a) UV-Vis absorption spectra of the electrolyte solutions after long-term
electrolysis (10 h) colored with Griess reagent and corresponding (b) conversion rate of

NO, ™.
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Fig. S19. (a) The unit cell together with the theoretical lattice parameters and (b) the total
densities of states (DOS) of the CusP bulk. The dashed line in (b) denotes the position of the

Fermi level (E;). Blue and light purple spheres represent Cu and P atoms, respectively.
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v4=1.403 J/m? v,=1.437 J/m? v5=1.443 J/m?

Fig. S20. The side views of the stab models of the CuzP(300) unit cell with three different
terminations. The models contain six atomic layers, in which the bottom three layers enclosed
by the dashed red lines are fixed to mimic the bulk. The surface energies (y) for the three

surfaces are given.
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Fig. S21. (a). The top (a) and side (b) views of the CuzP(300) (V2 x 2) supercell (the one
with the lowest surface energy as shown in Fig. S18a). The adsorption sites for NO, are

marked in (a).
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AGyo; =-1.33eV  AGyg;=-1.31eV  AGyg;=-1.29 eV

Fig. S22. The atomic structures together with the adsorption free energies for the three
configurations with higher stability are given for NO, adsorption on the CusP(300) surface.
Blue, light purple, grey, and red spheres represent Cu, P, N, and O atoms, respectively. The

systems in (a) and (b) are further studied for the nitrite reduction reaction.
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Free energy (eV) &

Fig. S23. (a) Free energy diagrams at different applied potentials for the nitrite reduction
process on the CuzP(300) surface, starting with the NO, adsorbed at B1 site as shown in Fig.
S19. (b) Atomic structures of the corresponding intermediates. In (a), the charge density
difference for the adsorbed NO, is presented as an inset, where yellow and green regions
denote electron accumulation and loss, respectively. The positions of the N and O atoms are

roughly marked.
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AGH*= 0.00 eV AGH*= 0.34 eV

Fig. S24. The atomic structures together with the adsorption free energies for the atomic H

adsorption on the CuzP(300) surface at B1 (a) and B5 (b) sites.
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(a) CusP (112)  (b) CuyP (113)  (¢) CusP (202)  (d) CusP (211) (€) CusP (223)

Fig. S25. The top (a) and side (b) views of the CuzP(112) (1x1), (113) (1x1), (202) (1x2),
(211) (1x1), and (223) (1x1) surfaces. Blue and light purple spheres represent Cu and P atoms,

respectively.
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(a) CusP (112)  (b) CusP (113)  (c) Cu,P (202) (d) CusP (211)  (e) CusP (223)

Fig. S26. The atomic structures together with the adsorption free energies for the three
configurations with higher stability are given for NO, adsorption on the CusP(112), (113),

(202), (211), and (223) surfaces.
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(a) CusP (112) (b) Cu,P (113) (¢) Cu,P (202)

AGy:= -0.41 eV AGy-=-0.33 eV AGy-= -0.40 eV
(d) CusP (211) () Cu,P (223)

Fig. S27. The atomic structures together with the adsorption free energies for the atomic H

adsorption on the CuzP(112), (113), (202), (211), and (223) surfaces.
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Fig. S28. (a) Free energy diagrams at different applied potentials for the nitrite reduction

process on the CusP(112) surface. (b) Atomic structures of the corresponding intermediates.
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Fig. S29. (a) Free energy diagrams at different applied potentials for the nitrite reduction

process on the CusP(113) surface. (b) Atomic structures of the corresponding intermediates.
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Fig. S30. (a) Free energy diagrams at different applied potentials for the nitrite reduction

process on the CusP(202) surface. (b) Atomic structures of the corresponding intermediates.
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Fig. S31. (a) Free energy diagrams at different applied potentials for the nitrite reduction

process on the CusP(211) surface. (b) Atomic structures of the corresponding intermediates.
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Fig. S32. (a) Free energy diagrams at different applied potentials for the nitrite reduction

process on the CusP(223) surface. (b) Atomic structures of the corresponding intermediates.
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Table S1. Performance comparison of CusP NA/CF with other NO,"RR electrocatalysts

under ambient conditions.

Catalyst Electrolyte NH,4'/NH; yield rate | FE (%) | Selectivity(%6) Ref.
0.1MPBS (0.1 M 1626.6 +36.1 ugh™ 91.2 + )
CusP NA/CF ) 88+1.6 This work
NO2) cm- 2.5
. 0.2 M Na,SO,4 (200 1 )
Ni-NSA-Vyi 235.98 umol h™" cm”™ 88.9 77.2 14
ppm NaNOy)
3.09 x 10" mol s™*
MnO, nanoarrays 0.1 M Na,SO,4 (NaNOy) » 6 - 15
cm
Cobalt-tripeptide 1.0 M MOPS (1.0 M 3.01x 10" mol s*
5 90+3 - 16
complex NaNO,) cm
Poly-NiTRP complex | 0.1 M NaClO4 (NaNO,) 1.1mM - - 17
Cu phthalocyanine
0.1 M KOH (NaNO,) - 78 - 18
complexes
Co(DIM)Br, 1
Lol JBr: ]_ 0.1 M solution of
(Carbon rod working - 88 - 19
NaNO,
electrode)
0.1 M nitrite in 0.2 M
Ox0-MoSy o - 135 - 20
citric acid (pH =5)
0.5 M Na,SO, with
GCC-CoDIM - 99.5 - 21
20 mM NaNO;,
0.1 M phosphate buffer
Cuy Ir— - - ~100% 22
(100 ppm)
25 mM phosphate
Rh/AI,O3 - - ~68—95% 23
buffer (50 mM NO;")
1.0 M MOPSand 1.0 M
FeNsH, - - > 90% 24
NaNO,
) 1.0 M NaOH (20 mM
CUgoNIzo - 87.6 96 25
N&NOz)
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Table S2. Performance comparison of CusP NA/CF with other NO3"RR electrocatalysts

under ambient conditions.

Catalyst Electrolyte NH,"/NHzyield rate FE (%) Ref.
CusP NA/CF 0.1MNO;, (0.1MPBS) | 848.7+180pugh ~cm™ 62.9+2.0% | Thiswork
Cu nanosheets 0.1 M KOH 390.1 pgh *mg™ 99.7 26

0.1 MPBS L

PTCDA/O-Cu 436 +85 ugh ~cm 85.9 27

(500 ppm NO3)
3.28 mM NaHCO; with

Pd-In/c-Al,0; _ _ - 715 28

nitrate-reservoir
_ 0.5 M Na,SO, Lo

Co30,@NIiO HNTs 6.93 mmol h™ g~ 54.97 29
(200 ppm NO3")

) 0.1 M KOH, in the

NiPc complex - 85 30
presence of NO3~
1 M NaOH
Cu - 79 31
(0.1 M NaNOs)
_ 1 M KOH
CusgNisg - 84 +2 32
(10 mM KNO3)
_ KOH
Ti/GC - 82 33
(~0.1t0 0.6 M NO3)
NaCl
NTEs - 5.6 34

(0.65 mM NaNO3)
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Table S3. Comparison of NH," (NHs) yield rate for electrocatalytic CusP NA/CF with other

NRR electrocatalysts under ambient conditions.

Catalyst Reaction NH4'/NH;yield rate Ref.
Cup NAICE NO, RR 1626.6 +36.1 ugh™* cm™ This work
u
’ NOs RR 8487+ 180 pgh Lom= This work
Mo3Si NRR 12.24x 10 ugh em™ 35
MoO3; NRR 4.80 x 10 molh tcm™ 36
Bi nanosheet array NRR 6.89 x 107 mol h ™ cm™ 37
Ti**-TiO,. NRR 351 x 10" molhtem™ 38
TiB,/GP NRR 1.75x10"® mol st cm™ 39
C@CoS@TiO, NRR 8.09x10 " mol s cm™ 40
CrOg.66No 56 NRR 8.9x10 " mol st cm™ 41
CuO/graphene NRR 1.8x10 mol s cm™ 42
Ti/Fes0, NRR 5.6x10 mol s cm™ 43
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Table S4. The calculated zero-point energy (Ezpe) and the product (TS) of temperature (T =
298.15 K) and entropy (S) of the different species along the reaction pathway presented in Fig.
5a, where * represents the adsorption site.

Species Ezre (V) TS (eV)
*NO, 0.28 0.23
*NO*OH 0.50 0.29
*NO 0.18 0.14
*NOH 0.47 0.14
*NHOH 0.80 0.16
*NH 0.39 0.04
*NH, 0.71 0.08
*NHj 1.03 0.15
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Table S5. Similar to Table S4, except that it is for the he reaction pathway presented in Fig.
S21.

Species Ezre (V) TS (eV)
*NO, 0.27 0.28
*NO*OH 0.52 0.23
*NO 0.16 0.15
*NOH 0.47 0.13
*NHOH 0.08 0.03
*NH 0.39 0.04
*NH, 0.70 0.08
*NHj 1.03 0.15
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