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1. Materials, Instruments, and Methods

Materials. Dimethylglyoxime (dmg), 2,3-Butanedione monoxime (>98%), cobaltous chloride
hexahydrate (CoCl,-6H20, >99%), 1,2-diaminobenzene, maleic acid (CsH4O04, >99%), sodium
nitroferricyanide(lll) (CsFeNsNa2O, >99%), N-(1-Naphthyl) ethylenediamine dihydrochloride
(C12H14N2, >98%),and sodium nitrite (NaNO2, >99%) were purchased form Innochem. Sodium
phosphate monobasic (NaH.POs, >99%), sodium phosphate dibasic (Na;HPOs, >99%) and
hydroxylamine hydrochloride (NH>OH HCI, >98%) were purchased from Acros. Sodium citrate
monohydrate (CsHsNaszO7 H20, >99.0%), sodium hydroxide (NaOH, >97%), hydrochloric acid
(HCI, >36%) and salicylic acid (C7HsO3s, >99%) were purchased from Beijing Chemical Works.
Sodium hypochlorite solution (NaClO, 14.5% CI), carbon papers (CP), multi-walled carbon
nanotubes (MWCNT) and Nafion D-521 dispersion (5%wt) were purchased from Alfa Aesar. Pt
plate (1.0x1.0 cm?) counter electrodes and saturated calomel electrode (SCE) were purchased from
Gaoss Union. Millipore water (18.2 MQ cm) was used for all experiments. Nafion 211 membranes
(DuPont) were cleaned in advance by boiling in 3% H,0; for 1 h, deionized water for 1 h and then
0.5 M H2S04 for 1 h, after which they were rinsed by deionized water for several times. Prior to
electrode fabrication, carbon papers (0.5x2 cm?) were ultra-sonically cleaned with ethanol for 3
times and then dried at 100 °C. All other reagents were used as-received without any purifications.

The Na®>NO; (98 atom% *°N, innochem) were used for °N isotope-labelling experiments.

Physical characterizations. *H NMR and 3C NMR spectra were recorded using a Bruker
Avance DPX instrument. Mass spectra were recorded using a Trio-2000 GC-MS spectrometer. X-
ray photoelectron spectroscopy (XPS) measurements were performed with ThermoFisher,
ESCALAB 250Xi. Scanning electron microscopy (SEM) with elemental mapping was recorded on
JEOL, JEM ARMZ200F. DLS was recorded on Wyatt Technology with Dybapro NanoStar

OPTILAB rEX HELEOSII.

Preparation of Cobaloxime/CNT@CP electrodes. The synthesis and characterization of
cobaloxime catalysts will be discussed below. Catalyst ink was prepared by dispersing 3 mg
cobaloxime catalyst (Co-1~Co-10) in a 6 mL mixture solution of DMF and ethyl glycol (v/iv = 1:2)
with 6 mg MWCNT and 150 pL of 5wt% Nafion followed by sonication for 30 min. Then, 200 pL

of the ink was drop-casted onto the 0.5 cmx2 cm carbon paper (CP) to cover a 0.5 cmx1 cm area on
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both sides, and the as-prepared electrodes were dried at 50 °C for 3 h. The catalyst mass loading for

all samples was 0.1 mg cm™.

Electrochemical measurements. Electrochemical measurements were performed with a CHI
660 E potentiostat. Molecular electrochemistry was studied in a two-chamber cell (Gauss Union)
separated by a glass frit with V' =5 mL electrolyte, and glassy carbon (0.0705 cm? for CV and
1.00 cm? for electrolysis) was used as the working electrode, which was polished by alumina every
time before use. Three-electrode configurations were adopted, where Pt plate served as the counter
electrode, and SCE was used as the reference electrode. For heterogeneous cobaloxime/CNT@CP
electrodes, every measurement was performed with a freshly prepared 0.5x2 cm?electrode in a H-
cell separated by a Nafion 211 membrane (V' = 40 mL catholyte). Linear sweep voltammetry
(LSV) was performed at a scan rate of 5 mV s?, and under standard conditions, an Ar-saturated
aqueous solution with 100 mM NaNO2, 100 mM Na;HPO4, 100 mM NaH2PO4 and 250 mM NazSO4
was used as the electrolyte (pH = 6.73). Electrolysis was performed consecutively for 7200 s under
constant stirring at 240 rpm without iR-compensation, and the current densities were calculated
based on the geometric area of the working electrode. All potentials were converted to RHE using

the following equation:
E (vs. RHE) = E (vs. SCE) + 0.244 V + 0.0592 V x pH

Product quantifications. After nitrite reduction, the amount of NH4* product, as well as Hz, N2Ha,
and NH2OH as possible byproducts were measured. The NH4* leakage to the anolyte chamber of

the H-cell was observed to be < 1%, which was negligible in calculating Faradic efficiencies.

Hydrogen. The amount of H, evolved (ny,) was monitored by gas chromatography (GC) with
thermal conductivity detectors (TCD), using CH4 as the internal standard. The faradic efficiency for

H; evolution was calculated by:

2ny, F

FEH =

2

X 100%

where F = 96485 C mol is the Faradic constant, Q is the charge passed during electrolysis.

Hydrazine. The amount of hydrazine was determined by the Watt-Chrisp method.! The color

agent was prepared by dissolving 400 mg 4-(dimethylamino)benzaldehyde in 2 mL conc. H2SO4
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and 20 mL ethanol. An 0.20 mL aliquot of the catholyte was mixed with 1.80 mL color agent, and
in the presence of N2Hs, a yellow color would be swiftly developed within 10 min, where an
absorption peak at 458 nm was observed by UV-vis spectrometer, as shown in Figure Sla. The
concentration of NoHa in the catholyte ¢y, follows a linear relationship with the peak absorbance,

as shown in Figure S1b, and the faradic efficiency for NoH4 was calculated by:

10cy, 4 VF
_ 21014
FEn,n, = —p X 100%
3) 28] 0.00mM| P) 28] =
\ 0.07 mM y = 6.952x +0.053 o
" 0.14 mM R? =0.9930 -’
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Figure S1. determination of N2H4 by Watt-Chrisp method.

Hydroxylamine. To quantify NH>OH, the following literature procedures were executed:? to 1.00
mL of the catholyte was added 1.00 mL PBS buffer and 1.00 mL 1% 8-hydroxylquinoline. Under
vigorous shaking, 1.00 mL 0.1 M Na»,COz was added and the mixture was heated at 100 °C for 1
min. In the presence of NH,OH, the solution would turn from light yellow to blue-green, showing
an absorption peak at ~705 nm (Figure S2a). Plotting the peak absorbance with NH,OH
concentration in the catholyte cyy,on Yielded a calibration curve in Figure S2b, and the faradic

efficiency for NH,OH was calculated by:

4c VF
FENHZOH = % X 100%
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Figure S2. determination of NH,OH by Watt-Chrisp method.

Ammonium. In this work, both indophenol-blue method and *H NMR were employed to quantify
ammonia, and their consistent results with each other at least 5 times far above ambient background
levels (<0.05x10% mol/L) verified successful ammonia synthesis. In indophenol-blue method, an
aliquot of the catholyte was first diluted by n times to a proper concentration, typically at ~0.5x10
3 mol/L and 0.20 mL of the diluted solution was mixed sequentially with 0.60 mL solution A (2.00
g salicylic acid, 2.00 g sodium citrate monohydrate and 2.80 g KOH dissolved in 40 mL DI water),
0.60 mL solution B (0.425 mL NaClO with 14.5% Cl and 2.24 g KOH in 40 mL DI water) and 0.60
mL solution C (0.40 g sodium nitroferricyanide in 40 mL DI water). In the presence of NH4*, the
color changed gradually from yellow to green and stabilized in 60 min. An absorption peak at ~660

nm emerged, and the peak absorbance followed an excellent linear relationship with ¢+
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Figure S3. determining NH4* in 10-4~10-% mol/L using indophenol-blue method.

In ®N-isotope labelling experiments and long-hour electrolysis, ammonia detection was
conveniently performed by *H NMR.2 Briefly, 50 uL of the catholyte was acidified by 50 uL 4 M

HCI with 20 mM maleic acid (CsH40.) as the internal standard. The mixture then was dissolved in
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550 uL. DMSO-ds and subjected to 400 MHz *H NMR. After 128 scans, *NH.* gave well-defined
triplet at 7.31 ppm with J = 72 Hz while *®*NH,* displayed a doublet with J = 52 Hz (Figure S4).
The peak ratio between NH.* and maleic acid (6.25 ppm) obeyed good linear relationship with

ammonia concentrations.
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Figure S4. Quantifying NH4* with *H NMR, using 20 mM maleic acid as internal standard.

With cyy; determined by either indophenol-blue or 'H NMR method, the faradic efficiency for

ammonia synthesis in NO. reduction was determined by:

oncyy;VF

X 100%
Q

FENHI =

The reduction of NO to ammonia consumes 5 electrons, and in this case,

Sncyy+VF
FEyy: = % X 100%

In NH>OH reduction, the formation of ammonia is a 2e" process, so its Faradic efficiency is

calculated by

2neyyVF

X 100%
Q

FENHI =
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2. Catalyst Synthesis and Characterization

Cl

Co(dmgH)(dmgH>)Cl,
Co-1

Co(dmgH) (dmgH,)ClI, (Co-1): same as literature reports, and the obtained *H NMR and ESI-

MS were consistent with literature.*
Cl /N Cl
,Ci_—H‘lo &/] C{.—H\

N N X
= v FG
NN |D\N/ CH3OH, reflux, 2h / L\ /I

/

/
O, H
H

; O

Co(dmgH)2(FG-Py)CI (Co-2~Co-8): according to literature,®> Co-2~Co-8 were synthesized by
refluxing 0.50 mmol (180 mg) Co-1 and 0.50 mmol axial FG-Py ligand in methanol for 2 h under
air. The mixtures were then cooled down to room temperature, when yellow-brown precipitates

formed. The precipitates were filtered, washed with cold methanol and diethyl ether and dried.

Co-2 (FG = H): 268 mg brown solid, yield 64 %. 'H NMR (400 MHz, DMSO-dg) & 18.44 (s, 2H),
8.02 (d, J=5.8 Hz, 2H), 7.88 (t, J = 7.6 Hz, 1H), 7.45 (t, J = 6.8 Hz, 2H), 2.30 (s, 12H), which was
consistent with literature.®

Co-3 (FG = 4-OH): 232 mg brown solid, yield 54 %. 'H NMR (400 MHz, DMSO-ds) & 18.45 (s,
2H), 8.02 (d, J = 6.8 Hz, 2H), 7.86 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 6.5 Hz, 2H), 2.30 (s, 12H), which
agreed with literature.®

Co-4 (FG = 4-SH): 311 mg yellow solid, yield 72 %. 'H NMR (400 MHz, DMSO-ds) & 18.47 (s,

2H), 7.22 (d, J = 6.5 Hz, 1H), 6.81 (s, 2H), 6.34 (d, J = 6.5 Hz, 2H), 2.29 (s, 12H), consistent with
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literature reports.®

Co-5 (FG = 4-COOH): 157 mg yellow solid, yield 34 %. 'H NMR (400 MHz, DMSO-ds) & 18.46
(s, 2H), 8.21-8.13 (m, 2H), 7.87 (d, J = 5.9 Hz, 2H), 2.33 (s, 12H), in line with literature reports.”
Co0-6 (FG =4-CONH_): 216 mg yellow solid, yield 47 %. *H NMR (400 MHz, DMSO-dg) & 11.40-
10.60 (br, 2H), 8.94 (d, J = 5.5 Hz, 2H), 8.48 (s, 1H), 8.23-8.10 (m, 2H), 8.02 (s, 1H), 2.33 (s, 12H),
which corresponded with literature reports.®

Co-7 (FG = 3-COOH): 262 mg yellow solid, yield 57 %. *H NMR (400 MHz, DMSO-ds) & 18.69-
18.04 (br, 2H), 8.61 (s, 1H), 8.32 (d, J = 7.9 Hz, 1H), 8.20 (d, J = 5.8 Hz, 1H), 7.62 (t, J = 6.9 Hz,
1H), 2.32 (s, 12H), which corresponded with literature reports.®

Co-8 (FG = 3-CONHy): 234 mg yellow solid, yield 61 %. *H NMR (400 MHz, DMSO-ds) & 11.0-
10.10 (br, 2H), 9.18 (s, 1H), 8.91 (d, J = 5.6 Hz, 1H), 8.66 (dt, J = 8.1, 1.8 Hz, 1H), 8.55-8.20 (m,

1H), 8.07-7.70 (m, 2H), 2.33 (s, 12H), which corresponded with literature reports.®

Cl
(0] / \
HoN —N NS
Z)Y + \L —_— COC|% / \ /I
I NN N=
N\ NH2 / /
OH HO HO
(DOH),en Co(DO)(DOH)enCl,
Co-9

Co(DO)(DOH)enCl; (Co-9): according to literature with slight modifications,'° we synthesized
the (DOH).en ligand first and then coordinated it with CoCl,-6H.0. Briefly, to 606 mg 2,3-
butanedione monoxime (6.00 mmol) dissolved in 15 mL methanol, 200 uL ethylenediamine (3.00
mmol) was swiftly injected. The mixture was stirred at room temperature, and after 1 h 45 min, a
white solid was formed. The solid was filtered, washed with dichloromethane and dried under
vacuum to give 413 mg (DO)(DOH)en ligand. Yield 61%. *H NMR (400 MHz, DMSO-de) § 11.44

(s, 2H), 3.70 (s, 4H), 2.02 (s, 6H),1.89 (s, 6H), which agreed well with literature results.

The (DOH).en ligand (226 mg, 1.00 mmol) and cobaltous chloride hexahydrate (238 mg, 1.00
mmol) were mixed in 25 mL acetone and stirred at room temperature for 16 h. A yellow-green solid
was formed, which was filtered and washed with acetone. Yield 41% (145 mg). *H NMR (400 MHz,

DMSO-de) 5 4.68 (s, 2H), 2.60 (s, 4H), 2.41 (s, 6H), 2.09 (s, 6H). ESI M* calc. 285.0639. found
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285.0642, which agreed with literature reports.!!

o NH —N N l
2 N
2 + _— I CoCly

| N / \ —
N N=

N\ NH2 / /

OH HO HO
(DOH),Ph Co(DO)(DOH)PhCI,
Co-10

Co(DO)(DOH)PHCI; (Co-10): Co-10 was also synthesized by ketone-diamine condensation to
make the (DOH).Ph ligand followed by metallization. In synthesizing the (DOH).Ph ligand, 606
mg 2,3-butanedione monoxime (6.00 mmol) and 324 mg 1,2-diaminobenzene (3.00 mmol) were
mixed in 15 mL water and heated to reflux. An orange precipitate gradually formed after 4 hours
and then the mixture was cooled to 4 °C overnight. The precipitate was filtered, washed with cold
water and dried under vacuum to afford 394 mg brown solid. Yield: 87%. *H NMR (400 MHz,
DMSO-dg) 6 11.37 (s, 2H), 7.96 (dt, J = 6.8, 3.1 Hz, 2H), 7.72 (dd, J = 6.5, 3.4 Hz, 2H), 2.68 (s,
6H), 1.92 (s, 6H). *C NMR (101 MHz, DMSO-dg) 153.9 153.0 140.4 128.7 128.0 22.7 9.3, which
was consistent with literature.

The (DOH).Ph ligand (274 mg, 1.00 mmol) and cobaltous chloride hexahydrate (238 mg, 1.00
mmol) were mixed in 10 mL ethanol and refluxed for 3 h. Using Et,O as the non-solvent, it was
crystallized to form a green solid. Yield 87% (350 mg). *H NMR (400 MHz, DMSO-ds) & 8.12 (dd,
J=6.2,3.5Hz, 2H), 7.88 (dd, J = 6.4, 3.5 Hz, 2H), 2.84 (s, 6H), 2.68 (s, 6H), which was consistent

with literature reports.!
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3. Molecular eNO2'RR chemistry
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Figure S20. (a) The relationship of CV peak current against NO2  concentrations. (b) The
relationship of CV peak current against Co-1 concentrations. (c) Cyclic Voltammetry of Co-1 with

50 mM NaNO:; in pH = 6.7 Phosphate buffer at different scan rates. (d) The alternation of catalytic
peak potentials over scan rates.
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Figure S21. The CPE of complex Co-1 under different NaNO; concentrations. Conditions: 1 mM

Co-1+ 0.5 M Na2SO; + 0.25 M phosphate buffer (pH = 6.73) at -0.98 V vs. SCE (-0.34 V vs. RHE)
for 3600 s.
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Figure S24. DLS showed no signs of particulate species after electrocatalytic NO,™ reduction at -
0.34 V vs. RHE using 1 mM Co-1 complexes.

S19



Mengshulin-2 #18-19 RT: 0.10-0.11 AV: 2 NL: 1.32E8
T: FTMS + p ESI Full ms [50.0000-750.0000]
289.0334

o
o
ij

90

80

70

60

50

40
87.0809
30
112.8959 180.9036

20

10 326.9892

391.0164

196.8776
‘ 245.0779
L H\

o h ‘{\ ol it M b Lt“‘h‘h ‘m“. J o

L M M e ) A At B T
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
m/z

436.7946 557.0934 610.1827 684.2012 724.5542
, it "
by

=

o

SRS PP AN
ittty

Figure S25. ESI-MS of Co-1 after electrolysis.

after CPE
|~10% -NOH
M reduction
H. ¢

I | '\/‘“‘V\M‘J\«__, e -

before CPE |
|
I\
- w. ...
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm)
,'H\
o o
_ N
N W
g.,.--0

-NOH reduction
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of the original Co-1, showing that catalyst degradation was much slower than catalytic nitrite
reduction.
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Figure S27. The *H NMR of Co-2 (5 mM) in DO with (30 mM) and without NO>".
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Figure S28. The Co"!/Co'" reduction potential under different NO2 concentrations (a), which shows
linear relationship between log[NO;] with a slope of -126 mV/s (b).

In the presence of NO_", the Co"'/Co" potential showed noticeable cathodic shift. According to
Nernst equation, the Co'""/Co" potential has a linear relationship against the In[NO_]:

RT xXRT
E ottt jgoin = Egom/c,,u - ?ln([NOZ_]x) = Egolu/c,)n - Tln([NOZ_])
which has a slope of -59.2x mV/decade when the Co"'/Co'" event was correlated with the
dissociation of x NO_" ligands:*?
[Co™L(NO2),]®™* + e~ - [Co''L]** + xNO;

In Figure S28b, the Co'"'/Co'" potential followed a clear linear relationship (R? = 0.966) against
log [NO2] with a slope of -126 mV/pH, in good agreement with x = 2. The results suggested that
the Co"'/Co" reduction event was accompanied with the dissociation of two NO, ligands, showing
that nitrite can occupy both the axial positions in Co-1.

(TI He o %‘OH\O m (%)Hf-ho |
I/LI J/LI I/L +2NO,
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Figure S29. (a) CV of Co-1 with NO and different pH from 5.8 to 7.4. (b) The relationship
between the peak potential and pH. Linear relationship between the peak potential and pH with a
slope of -66 mV/pH indicated proton-coupled electron transfer with 1 H* per e nature.

1.00
—_po
0.75- HO
0501
0.251
0.00 . : . .
0 60 120 180 240

Time (s)

300

Figure S30. CPE of 1 mM Co-1 under standard conditions in H,O and D-0O.
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Figure S31. Electrocatalytic reduction of NO (g) at -0.34 V vs. RHE with and without Co-1.

For CPE with NO as N-substrate, the electrochemical cell was priorly degassed with Ar for 10
min and then bubbled with NO (g) for 10 min prepared in-situ, which was generated according to
literature methods with FeSO4 and NaNO- in water,'® and purified by passing the gas through
deionized water to convert the generated NO; byproduct into NO. CPE followed standard testing
procedures with 0.25 M NazSO4 + 0.25 M phosphate buffer (pH = 6.7) under gas-tight conditions
to avoid any NO re-oxidation that gave NOy. In the presence of Co-1, NO reduction progressed
steadily at ~5 mA cm2, and after electrolysis, NH4* was quantified by indophenol blue method as
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the dominant product with 82% Faradic efficiency. In the absence of Co-1, bare glassy carbon
electrode gave very sluggish NO (g) reduction current density of ~0.15 mA cm-2 with 26% Faradic
efficiency for NH4*. The results clearly present that Co-1 was active and necessary for NO-to-NH4*
transformation.
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Figure S32. Electrocatalytic NH2OH (10 mM) reduction at -0.34 V vs. RHE with and without Co-
1. The minimal current in the absence of Co-1 demonstrated that the glassy carbon electrode alone
was not active for the NH,OH-to-NH3; process, and Co-1 was necessary for NH4* synthesis.
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Figure S33. (a) CV of Co-2 (axial pyridine) under different NaNO; concentrations. (b) CPE of
Co-2 for 1 h at-0.98 V vs. SCE with 50 mM NaNO3, 0.25 M NazSO4 in 1:9 (v/iv) DMS0O-0.25 M
pH = 6.7 phosphate buffer.
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Figure S34. CPE of Co-3 (4-phenolpyridine as axial ligand) for 1 h at -0.98 V vs. SCE with 50 mM
NaNO3, 0.25 M NazS0z in 1:9 (v/v) DMS0O-0.25 M pH = 6.7 phosphate buffer.
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Figure S35. CPE of Co-4 (4-mercaptopyridine axial ligand) for 1 h at -0.98 V vs. SCE with 50 mM
NaNO2, 0.25 M NaSOq in 1:9 (v/v) DMS0-0.25 M pH = 6.7 phosphate buffer.
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Figure S36. CPE of Co-5 (4-pyridinecarboxylic acid as axial ligand) for 1 h at -0.98 V vs. SCE with
50 mM NaNO, 0.25 M NazSOs in 1:9 (v/v) DMS0-0.25 M pH = 6.7 phosphate buffer.
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Figure S37. CPE of Co-6 (4-pyridinecarboxamide as axial ligand) for 1 h at -0.98 V vs. SCE with
50 mM NaNOs, 0.25 M Na S04 in 1:9 (v/v) DMS0-0.25 M pH = 6.7 phosphate buffer.

25

20+

15+

0 900 1800 2700 3600
Time (s)

Figure S38. CPE of Co-7 (3-pyridinecarboxylic acid as axial ligand) for 1 h at -0.98 V vs. SCE
with 50 mM NaNOg, 0.25 M Na2SO0q in 1:9 (v/iv) DMS0-0.25 M pH = 6.7 phosphate buffer.
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Figure S39. CPE of Co-8 (3-pyridinecarboxamide as axial ligand) for 1 h at -0.98 V vs. SCE with
50 mM NaNO, 0.25 M NazSOs in 1:9 (v/v) DMS0-0.25 M pH = 6.7 phosphate buffer.
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Figure S40. CPE of Co-9 (cobalt diimine-dioxime complex fused by -CH,CH-) for 1 h at -0.98
vs. SCE with 50 mM NaNOy, 0.25 M Na;SO4 in 0.25 M pH = 6.7 phosphate buffer.
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Figure S41. (a) CPE of Co-10 (cobalt diimine-dioxime complex fused by a benzene ring) for 1 h
at -0.98 V vs. SCE with 50 mM NaNOy, 0.25 M Na;SO4 in 0.25 M pH = 6.7 phosphate buffer. (b)
XPS of the working electrode after 1.0 h CPE with Co-10 showed no signs of Co particles.
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Table S1. The electrocatalytic NO2-to-NHs reduction properties of cobaloxime complexes in this
work in comparison with reported homogeneous complexes.

Catalyst E. vs. SCE (V) FEnn3 (%) Ref.
Co-1~Co-10 -0.98 86-100 This work
CoGGH -0.94 90 14
Co(DIM) -1.05 88 15
FeNsH» -1.02 90 (NH,OH)? 16
Co(CR) -1.46 88 12
Fe(TMPyP) -0.65 55-78b 17
Co(cyclam) -1.50 95¢ 18
Ni(cyclam) -1.50 95¢ 18
CuPc -1.54 78 19

Notes: a) further NH>OH reduction to NH4* requires a Hg electrode
b) N2O is formed as a major by-product

¢) NH4* formation requires an Ag electrode.
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4. eNO2RR with Cobaloxime-modified electrodes

Figure S42. (a) Scanning electron microscopy (SEM) of as-prepared Co-1/CNT@CP electrodes
with elemental mapping for Co (b).
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Figure S43. Chronoamperometry of Co-1/CNT@CP electrodes at different applied potentials.
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Figure S44. Chronoamperometry of Co-1/CNT@CP electrodes at different nitrite concentrations
and -0.50 V vs. RHE for 2 h.
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Figure S45. The ammonia yields and selectivities of Co-1/MWCNT@CP at variable NO2

I

“NO,

I

750 7.45 7.40 7.35 7.30 7.25 7.20 7.15 7.10
Chemical Shift (ppm)

concentrations.

Intensity (a.u.)

Figure S46. 'H NMR signals for *>SNH4* and *NH,* after electrolysis of Co-1/CNT@CP electrode
in >NO, and *NO-" electrolytes.
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Figure S47. Chronoamperometry of Co-1/CNT@CP electrodes at -0.50 V vs. RHE in **NO-" and
15N02'.

S29



j (mA cm?)
H

[

0 1200 2400 3600 4800 6000 7200
Time (s)

Figure S48. Chronoamperometry of CNT@CP electrodes absent of cobaloxime loading at -0.50
V vs. RHE in 100mM *NO;".
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Figure S49. Chronoamperometry of Co-1/CNT@CP, Co-2/CNT@CP, Co-9/CNT@CP and Co-

10/CNT@CP electrodes under standard conditions.
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Figure S50. The ammonia concentration of Co-1/MWCNT@CP during consecutive 10 h
electrolysis, with aliquots of sample taken every 2 hours for product quantification.
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Figure S51. Co 2p XPS for Co-1/CNT@CP electrodes (a) before and (b) after 20 h electrolysis.

Co Ka1

Figure S52. SEM and Co elemental mapping of Co-1/CNT@CP (a, b), Co-2/CNT@CP (c, d),
Co-9/CNT@CP (g, f) and Co-10/CNT@CP (g, h) electrodes after electrolysis under standard
conditions.
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Table S2. Comparison of the mass-specific NOx reduction performance for Co-n/CNT@CP with
reported NOy reduction electrocatalysts.

Catalyst E vs. RHE(V) NH; yield Ref.
(mgnhs ! mgcar?)
Co-1/CNT@CP -0.50 19.3 This work
Co-2/ICNT@CP -0.50 21.1 This work
Co-9/CNT@CP -0.50 9.7 This work
Co-10/CNT@CP -0.50 195 This work
Co@JDC/GF -1.00 39.2 20
Niss-nanocrystal/SD -0.50 11.0 2
CoP nanoarray/TM -0.20 1.4 22
C/C0304 -0.60 8.2 2
TiO2« nanobelt array/TP -0.90 15.2 24
Fe SAC -0.85 20.0 25
Fe-PPy SACs -0.70 2.75 26
Fe-MoS; -0.48 0.512 27
Fe-Mo-N-C SAC -0.70 0.153 28
CoP NAs/CFC -0.30 9.63 29

Note: a) area-specific acticity.
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5.  Tandem plasma N2 oxidation and eNO>RR

Plasma Nitrogen oxidation reaction (pNOR). According to literature reports with some
modifications,® a high-voltage pulse generator (DP-2K, Henan Guangao Electronic Technology
Co., Ltd, input voltage 5-9 V DC.) was used to activate N, and O, which was powered by 7.4 V
5600 mAh Li-ion batteries (Nanjing Nicjoy Electronic Technology Co., Ltd) or 9 VV 10 W Si solar
cells (P07-10, 35 cm x 23 cm, Fujian Zhugeliang Electronic Technology Co., Ltd). The high-voltage
pulse generator outputs ~10 kV voltage, which was connected with two Cu wires with tips ~5 mm
apart from each other, and put in a quartz tube (D = 24 mm, L = 150 mm) with an air inlet and gas
outlet as the spark discharge reactor. Air at ambient temperature and pressure (78% N, and 21% O
by volume) was pumped into the reactor at 50 mL/min. The output gas mixture was led to a fresh
0.1 M NaOH trap (100 mL) to absorb as-generated NOx:

NO + NO, + 20H™ - 2NO; + H,0
2NO, + 20H™ = NO; + NO3 + H,0

The concentrations of as-obtained NO, was measured by colorimetric method. In a typical
measurement, 200 uL of the properly diluted absorbent was mixed with 1600 uL DI water, which
was added 100 uL 1 wt% 4-aminobenzenesulfonic acid dissolved in 0.5 M H>SO. and shaken
vigorously for 5 min. Then, 100 pL 0.1 wt% aqueous solution of N-(1-Naphthyl) ethylenediamine
dihydrochloride was added, and in the presence of NO2, the mixture turns magenta in 5 min upon
vigorous shaking and displays an absorption peak at ~530 nm. The peak absorbance shows linear

relationship with NO_ concentration (Figure S53).
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Figure S53. Determination of NO>™ by colorimetric method.
The concentration of NOs~ was measured by colorimetric method. One milliliter of properly
diluted absorbent was mixed with 2 mL 0.8% sulfamic acid in 0.1 M HCI and shaken for 5 min. The

S33



presence of NO3™ causes significant increase of UV absorbances below 230 nm. By measuring the
absorbances at 220 nm (A220) and 275 nm (Az7s), it was found that Axo-2A275 displayed excellent

linear relationship with NO3™ concentrations with R = 0.9990, as shown in Figure S54.
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Figure S54. Determination of NO3™ by UV absorption.
The as-obtained pNOR absorbent was stored in darkness and tuned to pH = 6.7 with NaH2PO.

before electrolysis.

Si solar cell

air in |
=> « b gas out

~ M= lp:'>

~spark H-i§i:‘l31';;'gér

0.1 M NaOH

Figure S55. Photograph of the solar-driven pNOR device.
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Figure S56. CPE of Co-1 with as-generated NOx (51.6 mM) as the nitrogen source. The
experiment was run under standard conditions, where the pH was tuned to 6.7 with NaH2POa.
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Figure S57. Chronoamperometry of Co-1/CNT@CP with NOx (51.6 mM) generated by pNOR as
the nitrogen source at -0.5 V vs. RHE and an initial pH of 6.7.

Table S3. Comparison of the mass-specific ammonia synthesis performance for Co-1/CNT@CP
with reported ammonia synthesis methodologies and catalysts.

Catalyst Method NH; yield Ref.
(mgnhs ™t mgcar?)
Co-1/CNT@CP pNOR-eNO,RR 10.22 This work

Ruy/N-C eN2RR 1.21x10' 3
Fe/GDY eNzRR (29.6+2.5)x102 32
Cu®*-ZnAl LDH photo-N2RR 1.87x107 33
BisO-Br nanotube photo-N2RR 2.35x1072 34
Ba;RuHs/MgO thermal-N2RR 1.01 (573K) 3
Co-LiH thermal-N,RR | 1.92x10 (623 K) 36

Note: a) adding together the time needed for both pNOR and eNO>RR for a whole day-night
cycle (24 h).
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