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Experimental section
Materials:
Titanium mesh (TM) was obtained from Qingyuan Metal Material Ltd. (Taixing,
China). Potassium nitrate (KNO; > 99.0%), potassium nitrate isotope (K’NO; >

98.5%), potassium nitrite (KNO, > 9.0%), potassium sulfate (K,SO4 > 99.0%),
ammonium chloride (NH4CI > 99.5%) potassium hydroxide (KOH > 99.0%), sodium
salicylate (C;HsNaOs;, 99.0%), trisodium citrate dihydrate (CsHsNaz;O;-2H,0, 99.0%),
p-dimethylaminobenzaldehyde (CoH;;NO, AR), sodium nitroferricyanide dihydrate
(CsFeNgNa,0-2H,0, 99.0%), sulfamic acid solution (H;NOsS, 0.8 wt%) and sodium
hypochlorite solution (NaClO, 4.0 wt%) Nitrobenzene Standard (C¢HsNO,, AR) weer
purchased from Aladdin Ltd. (Shanghai, China). Sodium hexachloroiridate(III)
hydrate (Na;IrCls-xH,0, Ir 35%~40%) and Cobalt chloride hexahydrate (CoCl,-6H,0,
AR) were purchased from Chengdu Kelong Chemical Reagent Co. Ltd. Sulfuric acid
(H2SOy4, 95.0%~98.0%), hydrogen peroxide (H,O,, > 30%), hydrochloric acid (HCI,
36.0%~38.0%), hydrazine monohydrate (N,H4 H,O, > 98.0%) and ethyl alcohol
(C,H50H, 99.5%) were bought from Beijing Chemical Corporation. (China).
chemical Ltd. in Chengdu. Aniline (C¢H;N, 99+%) were bought from Alfa Aesar
(China) chemical Ltd. All reagents used in this work were analytical grade without

further purification.

Characterizations:

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
measurements were carried out on a GeminiSEM 300 scanning electron microscope
(ZEISS, Germany) at an accelerating voltage of 5 kV. XPS measurements were
performed on an ESCALABMK II X-ray photoelectron spectrometer using Mg as the
exciting source. The absorbance data of the spectrophotometer was measured on a
UV-Vis spectrophotometer. TEM image was obtained from a Zeiss Libra 200FE

transmission electron microscope operated at 200 kV. 1H NMR spectra were
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collected on Varian VNMRS 600 MHz (the USA). GC results were obtained from
GC-2010 pro.

Determination of NHj:

The concentration of produced NH; was determined by spectrophotometry
measurement with the indophenol blue method (the obtained electrolyte was diluted
50 times) [1]. In detail, 2 mL of the diluted catholyte was obtained 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 NaClO and 0.2 mL of 1 wt% CsFeNgNa,O
were dropped into the collected electrolyte solution. After standing at room
temperature for 2 h, the ultraviolet-visible absorption spectrum was measured. The
concentration-absorbance curve was calibrated using the standard NH,4Cl solution
with NH;3 concentrations of 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 ppm in 0.1 M KOH. The
absorbance at 655 nm was measured to quantify the NH; concentration using standard

NH,4CI solutions (y = 0.37315 x + 0.05594, R? = 0.999).

Determination of NO,:

The NO, concentration was analyzed using the Griess test [2]. The Griess reagent
was prepared by dissolving 0.1 g N-(1-naphthyl) ethylenediamine dihydrochloride,
1.0 g sulfonamide and 2.94 mL H;PO, in 50 mL deionized water. In a typical
colourimetric assay, the 1.0 mL Griess reagent was mixed with the 1.0 mL nitrite-
containing solution and 2.0 mL H,O and allowed to react at room temperature for 10
min, in which sulfonamide reacts with 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 to quantify the NO,  concentration with a standard curve of NO, (y =

0.20024 x + 0.00407, R>= 0.999).

Determination of N,Hj:
In this work, we used the method of Watt and Chrisp [3] to determine the

concentration of produced N,H,;. The chromogenic reagent was a mixed solution of
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5.99 g CoH1NO, 30 mL HCI and 300 mL C,HsOH. In detail, 1 mL electrolyte was
added into 1 mL prepared colour reagent and stirred for 15 min in the dark. The

absorbance at 455 nm was measured to quantify the N,H, concentration with a

standard curve of hydrazine (y = 1.07368 x + 0.02127, R? = 0.999).

I5N isotope labeling experiments:

K!SNO; was used as the feeding N-source for the isotopic labeling nitrate reduction
experiments to clarify the source of ammonia. After electrolysis in 0.1 M KOH with
0.1 M BNO;™ or “NO;™ at -0.2 V for 1 h, the H value of the obtained electrolyte was
adjusted to 2.0 by adding 0.1 M HCI solution. Then, 0.5 mL of electrolyte and 0.05
mL of D,O were added into the "HNMR tube for further 'HNMR

Calculations of FE and NHj; yield:
FE = (8 x F X[NH;3] x V) / (M nu, % Q) x 100%
NH; yield = ([NHz] X V) / (Mg, % t X A)
Where F is the Faradic constant (96485 C mol!'), [NH;] is the measured NH;

concentration, V is the volume of electrolyte in the anode compartment (50 mL),

Mnn;, is the molar mass of NH;, Q is the total quantity of applied electricity, t is the

electrolysis time and A is the loaded area of catalyst (0.5 x 0.5 cm?).

Calculations of FE and NO, yield:
FE = (2 %X F x[NO;7] x V) / (M noz2- X Q) x 100%
NO; yield = ([NO; ] x V) / (Moo X t X A)
Where F is the Faradic constant (96485 C mol!), [NO,] is the measured NO,
concentration, V is the volume of electrolyte in the anode compartment (50 mL),
Mnos. is the molar mass of NO,~, Q is the total quantity of applied electricity, t is the

electrolysis time and A is the loaded area of catalyst (0.5 x 0.5 cm?).
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Ph-NO, ERR: The electrolyte was collected and extracted with ethylacetate after i-t
tests. The extracted products were determined by comparing the GC retention times
and mass spectra. The Ph-NO, conversion and Ph-NH, yield were acquired via the
GC results analysis and calculated based on the following

Conversion = mol of the consumed Ph-NO, / mole of the added Ph-NO, x 100%
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Fig. S1. (a) SEM image of [r@Co(OH),/TM. EDX mapping image of (b) Co, (c)l r
and (d) O of Ir@Co(OH),/TM.
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Fig. S2. XPS spectra of (a) Co(OH),/TM in the Co 2p region and (b)

Ir@Co(OH),/TM in the Co 2p region.
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Fig. S3. LSV curves of Ir@Co(OH),/TM samples prepared at different (a)
electrodeposition time; (b) different ligands in 0.1 M KOH with 0.1 M KNOs; (c)

different Co/Ir molar ratio.
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Fig. S4. (a) UV-Vis absorption spectra of indophenol assays kept with different
concentrations of NH,* after incubated for 2 h at room temperature; (b) Calibration

curve used for estimation of NH4* concentration.
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Fig. S5. UV-Vis absorption spectra of various NO,™ concentrations after incubated for
10 min at room temperature; (b) Calibration curve used for quantification of NO;

concentration.
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Fig. S6. (a) UV-Vis absorption spectra of various N,H, concentrations after incubated
for 15 min at room temperature; (b) Calibration curve used for calculation of N,H,

concentration.
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Fig. S7. (a) UV-Vis spectra of NHj generated on Ir@Co(OH),/TM at different given
potentials in the 0.1 M KOH with 0.1 M NO;™.
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Fig. S9. The CV profiles obtained with (a) Ir@Co(OH),/TM and (b) Co(OH),/TM at
different scan rates from 50 mV/s to 150 mV/s. (¢) The corresponding fitting results
of Cdl-
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Fig. S10. (a) Different LSV curves of Ir@Co(OH),/TM with or without TBA; (b)
NH; yields and FEs of Ir@Co(OH),/TM from 0 V to -0.5 V
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Fig. S11. (a) LSV curves of Ir@Co(OH),/TM, Co(OH),/TM and TM in neutral
medium, (b) The chronoamperometry test curves of Ir@Co(OH),/TM at each given
potential in neutral medium. (c) UV-vis spectra of produced NH;. (d) NH; yields and

FEs of [r@Co(OH),/TM from 0 V to -0.5 V.
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Fig. S12. UV-Vis spectra of NH; generated on Ir@Co(OH),/TM at different; (a)
Cnos- (b) Con-
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Fig. S13. By-product yield and FEs.
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Fig. S14. Fourier transform infrared spectroscopy (FTIR) tests on Ir-Co(OH),/TM at various

potentials within an alkaline NO3;~ medium
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Fig. S15. (a) Chronoamperometry curves and (b) corresponding UV-Vis absorption

spectra of Ir@Co(OH),/TM for generated NH; during cycling tests at -0.2 V.
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Fig. S16. SEM image of Ir@Co(OH),/TM (a) before the 24-h stability test; (b) after
the 24-h stability test in 0.1 M KOH with 0.1 M KNOs.
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Table S1. Comparison of catalytic performance of Ir@Co(OH),/TM with other

reported NO;RR electrocatalysts.

Catalyst Electrolyte NH; yield@Potential FE@Potential Ref.
(V vs. RHE) (V vs. RHE)
Ir@Co(OH),/ 0.1 M KOH 493.0 + 19.2 umol h'! cm- 91.6+2.2 This
™ (0.1 M KNOs3) 2@-0.2 %@-0.2 work
C0;04/C 0-1 MNa2304 261 umol h'! em2@-0.8 | 88.7%@-0.8 | [4]
(0] (0] m - oem” -0. . -0.
34 (1000ppm NaNOs) Hmot e °
Co/CoO NSA OLMNa30: - o5 ol b 2@-0.65 | 93.8%@-0.65 | [5]
o/CO0 mol h™ cm-” -0. . -0.
(3.23 mM NaNO) H °
CoB@COOS | OAMNOH | o) o bt enm@-0.7 | 97.0%@-0.70 | 16
™ (0.1 M NaNOs) .8 umo cm?@-0. .0%@-0.
0.1 M NaZSO4
Co-Fe@Fe,O 88 umol h'! em2@-0.75 | 85.2%@-0.75 7
@Fey03 (500 ppm NO,) p @ @ [7]
0.1 M NaOH 350 pmol h'!' mg.,. ' @-
Co-NCNT 92.0%@-0.6 | [8]
(0.1 M NOy) 0.6
.1 M NaOH
Co@CC 0 a0 600 pmol h' cm2@-0.8 93.4%@-.8 [9]
(0.1 M NaNO5)
Cu 1 M NaOH / 79.0% [10]
(0.1 M NO3)
ZnCo,0, 0.1 MKOH 120 pmol h'lmge,. 1@-0.6 | 95.4%@-0.4 | [11]
(0.1 M NO3)
Cu,..S/MoS, 0.5 M Na50, 178 pmol h"! cm2@-0.1 84.5%@-0.1 [12]
(100 ppm NO3-)
Co/MWCNTs 0.1 M KOH 237 umol h' cm2@-0.16 | 84.72%@-0.16 | [13]
(0.1 M NO3)
BCN@Ni 0.1 M KOH 140 pmol h1 cm2@-05 | 91.2%@-0.3 | [14]
(0.1 M NO3)
Cu/Cu,0/Ru0,@ | 0.1 M NaOH 209.4 umol h't cm2@-0.6 | 82.4%@-0.6 | [15]
C (0.1 M NO3)
-1 2@
La-Co304/CC 0.1 M NaOH 537.44 uymol htcm?@ 96.34%@-0.4 [16]
(100 mM NO3) 0.4
NiCoO,@Cu 0.1 MKOH 349.6 pmol 1 cm2@-0.9 | 94.2%@-0.9 | [17]
(0.1 M NO3)
CoPc/CNT 0.1 M NaOH / 70%@-0.37 | [18]
(0.1 M NO3)
CusoNiso 0.1 M NaOH / 84.0+2.0% | [19]
(10 mM NO;)
0.1 M NaOH
VCu-Au;Cu SAAS 32.6 umol h'lcm2@-0.2 98.7%@-0.2 [20]

(7.24 mM NO3)
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0.2 M Na,SO,4

Fe,P@NiP, 395 pmol h't cm2@-0.7 97.2%@-0.7 | [21]
(0.05 M NaNO,)
1-Cu/CC 0.1 M NaOH 66 umol h'l cm2@-0.9 85.4%@-0.9 [22]
(0.1 M NaNO;)
0.1 M NaOH
Cu/Ce,0; 386 pmol h'l cm2@-1.2 73.0%@-1.2 | [23]

(0.01 M NaNOs)
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