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1. Chemicals

Sodium Perchlorate Monohydrate (NaClO4¢H>0, >98.0%), Sodium Chloride (NaCl, >99.0%),
Sodium Nitrate (NaNOs, >99.0%), Sodium Hydroxide (NaOH, >97.0%), Phosphoric Acid
(H3POy4, 85.0wt.%, p=1.685 g/mL), Sodium Dihydrogenphosphate Dihydrate (NaH2PO4¢H>O,
>99.0%), Disodium Hydrogenphosphate (Na;HPO4, >99.0%), Trisodium Phosphate 12-Water
(NazPO4,  299.0%),  N-1-Naphthylenediaminde  Dihydrochloride  (=95.0%), 4-
Aminobenzenesulfonamide(>99.7%), Ammonium Chloride (NH4Cl, >99.5%), Salicylic Acid
(HOC¢H4COOH, >99.5%), Trisodium Citrate (CsHsNa3O7, >99.0%), Sodium Hypochlorite
Pentahydrate (NaOCIl*5H20, 39.0%), Sodium Pentacyanonitrosylferrate(Ill) Dihydrate
(NazFe(CN)sNO+2H20, >99.0%), Hydrochloric Acid (HCl, 35~39%) were purchased at
Fujifilm Wako. Sulfamic Acid (NH2SO3H, >99.3%) was purchased at Sigma Aldrich. Nitrogen
gas (N2, 99.99995%) was purchased at Taiyo Nippon Sanso JFP. Deionized (DI) water was
obtained from a DIRECT-Q UV3 system (Millipore) with a resistivity of 18.2 MQ-cm at 25 °C.
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2. Synthesis and characterization of Boron-doped Diamond (BDD)

BDD was prepared by microwave plasma-assisted chemical vapor deposition (MPCVD,
AX5250M, AsTeX corp.) method. Trimethyl borate and acetone mixed at a B/C ratio of 0.1,
0.2, 0.5, 1% were used and boron and carbon source, respectively. The formation of BDD was
confirmed by SEM and Raman spectrum measurements.

The diamond is polycrystalline exhibiting polygonal crystals, characteristic of (111) facet, and

triangular (100) facet.

Figure S1. SEM images of BDD electrodes with boron concentration of 0.1% (a), 0.2% (b),
0.5% (c), 1% (d).
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When the boron concentration in BDD is relatively low, a sharp peak around 1330 cm’
originating from the sp> carbon was observed. On the other hand, as the boron concentration
increased, the broad peaks at 500 cm™ and 1200 cm™, which are due to the vibrational mode of
the boron pair and the distortion of the diamond lattice, respectively, were observed to increase.

On the other hand, the absence of a peak at 1500 cm™ confirms that the BDD does not contain

a significant amount of sp? carbon.
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Figure S2. Raman spectra of BDD electrodes with boron concentration of 0.1% (a), 0.2% (b),
0.5% (c), 1% (d).
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3. Electrochemical setup

Working electrode geometrical area was 12.56 cm? (batch cell) and 9.616 cm? (flow cell)
delimited by a fluoroplastics O-ring. Counter electrode was a Pt plate of 12.56 cm?, reference
electrode was an Ag/AgCl, sat. KCl (BAS Inc., Japan). Divided batch and flow cell had
separated anode and cathode chambers by Nafion membrane (Nafion NRE-212) 0.002 inch
thick (3.14 cm?). The Nafion membrane was conditioned in deionized water for 1 day before
use, and stored in a closed vial with deionized water between each experiment. After
experiments and before storage, the membrane was placed in deionized water for 1 h. The
volume of undivided batch cell is 50 mL and that of divided batch cell and divided flow cell are
50 mL / 50 mL (anolyte / catholyte). N> was bubbled at a flow rate of 50 mL min™' for 20 min
which was reduced to 20 mL min™! during potentiostatic reduction to remove oxygen that can
be reduced during nitrate reduction. The solution was stirred by a Teflon rod made of PTFE, a
rotating motor (417-9655, RS components), and a DC stabilized power supply (AD-8724D,
A&D Company, Japan).
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Figure S3. Cell schematic illustrations of undivided batch cell (a), divided batch cell (b) and

divided flow cell (¢). WE: working electrode; CE: counter electrode; RE: reference electrode;
P: peristaltic pump. Copper plate (orange) is used for electrical connections.
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4. Products analysis

4.1. NH; quantification

Indophenol blue absorbance spectrophotometry with salicylic acid was used for the
determination of NH3. To 2 mL of the diluted electrolyte, 2 mL 1 M NaOH + 5% salicylic acid
+ 5% trisodium citrate solution, 1 mL 0.05 M NaOCI solution, and 0.2 mL 1wt%
NaxFe(CN)sNO<2H>0 solution were added in that order and well stirred. After 30 minutes at
room temperature, NH3 was determined by measuring the absorbance at 655 nm by using a UV-
visible absorbance spectrophotometer (V-570 UV-Visible/NIR spectrophotometers, JASCO,
Japan). A calibration line was prepared by measuring the absorbance of NH4Cl solution in
ultrapure water at various concentrations (Figure S4). The lowest amount of ammonia measured
was 2.4 uM (from Figure 2, at -1.2 V) still in not optimized conditions, but already higher than

the limit of detection of 1.6 uM.
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Figure S4. UV-vis absorbance of different concentration of NH3 (a) and NHj3 calibration line

(b). LOD: 1.6 pM.
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4.2. NO: quantification

The color reagent was prepared by dissolving 0.2 g of N-(1-Naphthyl)ethylenediamine
dihydrochloride, 4 g of 4-Aminobenzenesulfonamide (Sulfanilamide), 10 mL of phosphoric
acid (85.0wt.%, p = 1.685 g mL™!) in 50 mL ultrapure water. After diluting the electrolyte to a
quantifiable concentration after reduction by using ultrapure water, 0.1 mL of the color reagent
was added to 5 mL of the diluted electrolyte, stirred well, and left at room temperature for 20
min. NO;" was determined by measuring the absorbance at 540 nm. Calibration line was

prepared by measuring the absorbance of each concentration of NaNO> in ultrapure water

(Figure S5).
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Figure S5. UV-vis absorbance of different concentration of NO;™ (a) and NO>™ concentration

calibration line (b).
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4.3. NOs™ quantification

After diluting the electrolyte to a quantifiable concentration using ultrapure water, 1 mL of 1 M
HCl and 0.1 mL of 0.8 wt% sulfamic acid were added to 4 mL of the diluted electrolyte, stirred
well, and NO3;~ determined by measuring the calculated absorbance (4=A4220nm-242750m). A
calibration line was prepared by measuring the absorbance of each concentration of NaNO3 in

ultrapure water (Figure S6).
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Figure S6. UV-vis absorbance of different concentration of NO3™ (a) and NO3™ concentration

calibration line (b).
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5. Production rate and faradaic efficiency

The production rate is P [pmol cm™ h™!]. It has been calculated (eq S1) from the concentration
of each reagent and product ¢; [umol L] measured by using the calibration line, the volume of
the electrolyte V' [L], the geometric area of the electrode S [cm?], and the electrolysis time # [h],

as follows:
p=Y (s
=5 (S1)

From the Faraday law of electrolysis (eq S2), the faradaic efficiency (FE) has been evaluated
by eq S3 where 7 is the number of electrons required for reduction, F [96485 C mol™'] is the
Faraday constant, Q [C] is the total charge used in the electrolysis with a current I(t) for a
reduction time of 7' [h] (eq S4).

It is worth noting that the number of electrons required for the reduction of nitrate to ammonia

is 8, and the number of electrons required for the reduction of nitrate to nitrite is 2.

Q=nXxFxcxV (52)

_nXFXCXV

3 x 100 (S3)

T
Q= f I(t)dt (S4)
0
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6. Optimal B/C ratio of BDD electrodes

Table S1. Current density from linear sweep voltammetry of 0.1 M NaCl (pH 5.9) and 0.1 M
NaNOs (pH 5.8) sampled at —1.8 V vs. Ag/AgCl as function of boron concentration in BDD

electrodes.
B/C %
0.1 0.2 0.5 1
j (NaCl) / mA cm™ 0.133 | 0.188 | 0306 | 0.737
j (NaNO3) /mA cm 0.661 | 2.13 2.62 3.07
] (Nal\,los’) —JMNaCh 100 80 91 88 76
j(NaNO3)

In the linear sweep voltammetry measurement of 0.1 M NaNOs, the hydrogen generation
reaction compared to the reduction current density of 0.1 M NacCl is not necessarily progressing
at the same rate, so this comparison might not be truly accurate, but it is a fair estimate. For this
reason, nitrate reduction has been conducted also with 1 % BDD that possesses a higher current

density for comparing ammonia production rates (see following results).
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7. Potential of electrochemical nitrate reduction
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Figure S7. Production rate (a) and faradaic efficiency (b) of electrochemical nitrate reduction
using 0.1 M NaNO:s as function of applied potential vs. Ag/AgCl (KCl saturated). Results were
obtained by using 0.2% BDD as working electrode, electrolysis in divided flow cell, flow rate

200 mL min™!, and 1-hour potentiostatic reduction.
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Figure S8. Current density of electrochemical nitrate reduction using 0.1 M NaNOj as function
of applied potential vs. Ag/AgCl (KCI saturated). Results were obtained by using 0.2% BDD
as working electrode, electrolysis in divided flow cell, flow rate 200 mL min-1, and 1-hour

potentiostatic reduction.
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8. Cell types

- 40 - 100 —
o a b

£ X _

S 304 3 80

2 e

3 2 60 —

~ Q

o8 20— % - NHs
e o 40 NO>
s 3

5 10 2 20 -

: b : [

i ii iii

i i iii
Cell type Cell type
Figure S9. Production rate (a) and faradaic efficiency (b) of: (i) undivided batch cell, (ii)
divided batch cell and (iii) divided flow cell. WE: 0.2% BDD. Stirring rate of undivided batch
cell and divided batch cell was 2912 rpm and flow rate of divided flow cell was 200 mL min™’.
Potentiostatic reduction of 0.1 M NaNOs3 at -1.8 V vs. Ag/AgClI (KCI saturated) for 1 hour.
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Figure S10. Current density with cell types: (i) undivided batch cell, (i1) divided batch cell and
(111) divided flow cell for the results in Figure S9.
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9. Stirring conditions
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Figure S11. Liner sweep voltammograms (10 mV s™') of 0.1 M NaNO; with different stirring

rates. Results were obtained by using 0.2% BDD as working electrode and electrolysis in

divided batch cell.
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Figure S12. Production rate (a) and faradaic efficiency (b) of electrochemical nitrate reduction
using 0.1 M NaNOs3 without and with stirring rate at 2912 rpm. Results were obtained by using
0.2% BDD as working electrode, electrolysis in divided batch cell, and 1-hour potentiostatic

reduction at -1.8 V vs. Ag/AgCl (KCl saturated).
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Figure S13. Current density of electrochemical nitrate reduction using 0.1 M NaNO3 without
and with stirring rate at 2912 rpm. Results were obtained by using 0.2% BDD as working
electrode, electrolysis in divided batch cell, and 1-hour potentiostatic reduction at -1.8 V vs.

Ag/AgCl (KCI saturated).
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10. Electrolyte pH
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Figure S14. Current density of electrolysis using 0.1 M NaNO3 added with 0.2 M NazPOs at
different pH. Results were obtained by using 0.2% BDD as working electrode, electrolysis in
divided batch cell, stirring rate 2912 rpm, potentiostatic reduction at -1.8 V vs. Ag/AgCl (KCl

saturated).
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11. NaOH concentration
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Figure S15. Current density of electrolysis using 0.1 M NaNO3 added with 0, 0.01, 0.1, 0.5, 1
M NaOH. Results were obtained by using 0.2% BDD as working electrode, electrolysis in
divided batch cell, stirring rate 2912 rpm, potentiostatic reduction at -1.8 V vs. Ag/AgCl (KCl

saturated).
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12. Reproducibility of FEnu3 and Pnus
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Figure S16. Reproducibility of FEnn3 and Pnns for 0.1 M NaNOs added with 1 M NaOH. WE:
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0.2% BDD, divided batch cell, stirring rate 2912 rpm, potentiostatic reduction at —1.8 V vs.
Ag/AgCl KCI saturated.
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13. Electrolyte anion effect
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Figure S17. Electrolyte conductivity and pH of solutions used in the nitrate reduction added

with different 1M Na salts or NaOH concentrations. All electrolytes contain 0.1 M NaNOs.
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Figure S18. Production rate and faradaic efficiency for the reduction of 0.1 M NaNO3 added
with 1 M of the Na salt, respectively. WE: 0.2% BDD. Divided batch cell, stirring rate 2912
rpm, and 1-hour potentiostatic reduction at —1.8 V vs. Ag/AgCl (KCI saturated).
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Figure S19. Solution resistance (A), charge transfer resistance (B) and double layer capacitance
(Cdl) of 0.1 M NaNO3 added with 1 M salts: NaCl (green), NaClO4 (red), and Na>xSOg4 (blue).
Data were measured by EIS at -1.8 V vs. Ag/AgCl (KCIl saturated) for 20 consecutive times

until steady state. Frequency range: 1 MHz — 10 mHz. Modulation amplitude 10 mV.
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14. Linear sweep voltammetry: NaOH concentration effect
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Figure S20. Liner sweep voltammogram at 10 mV s of 0.1 M NaNOs without and with 0.1,
0.5, 1 M NaOH. Results were obtained by using divided batch cell without stirring. V vs.
Ag/AgCl (KCI saturated).
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15. Electrochemical impedance spectroscopy: NaOH concentration effect
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Figure S21. Charge transfer resistance R (a) and double layer capacitance Cq (b) of 0.1 M
NaNOs; added with 0.1, 0.5, 1 M NaOH. Data were measured by EIS for 15 consecutive times
at -1.8 V vs. Ag/AgCl (KCI saturated). Frequency range: 1 MHz — 10 mHz. Modulation

amplitude 10 mV. Error bar is the standard deviation (n=3).
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Figure S22. Representative potentiostatic electrochemical impedance spectroscopy
measurements at OCP (a) and at -1.8 V vs Ag/AgCl (KCl sat.) (b) of 0.1 M NaNOs3 added with
NaOH. Frequency range: 1 MHz — 10 mHz. Modulation amplitude 10 mV.
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16. Time dependence of electrochemical nitrate reduction
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Figure S23. Current density of electrolysis using 0.1 M NaNO3 (blue) and 0.1 M NaNO3 added
with 1 M NaOH (red). Results were obtained by using 0.2% BDD as working electrode,
electrolysis in divided batch cell, stirring rate 2912 rpm, and 6-hour potentiostatic reduction at

-1.8 V vs. Ag/AgCl (KCI saturated).
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17. Kinetic accounting for NH; leaking or other products

Since the present system was tested under strong basic conditions (pH 13.48), it is possible
that NH3 dissolved in the aqueous solution could vaporize into the gas phase. In fact, the smell
from the solution in the working electrode chamber after electrolytic reduction gave off an
ammonia odor, and because slow N> bubbling (to avoid oxygen entering the NaOH electrolyte)
and intense stirring were used during the electrochemical nitrate reduction, ammonia could
easily escape into the gas phase. We added and ideal term to account for this process (eq S5),

where ammonia leaks from the electrolyte solution at rate k3.

NH; (1) —— NHy(g) (S5)

NH3(1) is the ammonia effectively measured in the electrochemical cell, NH3(g) is the
ammonia leaking from the cathodic camber.

Reaction rates are (eqs S6-S7):

Eﬂgggﬂqzdeo;]—deHgﬂﬂ (56)
ACN_ w1 (57)

which integrated are (eqs S8-S9):

kik; kik;

INHA O] = N0 o {5 ™~ T T
Kk e
M T L J 6
o Kk e kiks e
[NH; ()] = [NO3 ], {- s L O e rnt Lo et T
kyks

e e LIERINC)
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Figure S24. Time dependence of NO3~, NO; and NHj3 (dots) and fitting lines of 6 hours
electrochemical nitrate reduction using 0.1 M NaNOs added with 1 M NaOH. Dashed fitting
lines are for total (NO3~, NO>~ and NH3) concentration below 95 mM. NHj(t) is the theoretical

ammonia concentration if leaking was not present.
The reaction constants were k1 =5 % 10° s and k» = 1 x 107 57!, the same as from Figure 6

fitting, while for the ammonia leaking into gas phase it was computed as k3=7 x 107 s! (Figure
S23).
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18. Linear polarization / Tafel slope
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Figure S25. Linear polarization of 1 M NaOH (black), and added with either 0.1 M (red) or
0.5 M (green) NaNOs3 (A). Log of reduction current vs E to derive the Tafel slope (B). V vs
Ag/AgCl, KCl sat. Batch cell with stirring at 2912 rpm, scan rate of 0.0005 V s™!, and step
potential of 0.01 V.
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19. Comparison of BDD with other electrodes materials

19.1. Copper and titanium
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Figure S26. Production rate (a) and faradaic efficiency (b) of electrochemical nitrate reduction
using Cu or Ti electrode in divided batch cell with 2912 rpm stirring rate. Cu electrode: 0.1 M
NaNOs; with 1 M NaOH, 1-hour potentiostatic reduction at -1.8 V vs. Ag/AgCl (KCI sat). Ti
electrode: 0.3 M KNO3 with 0.1 M HNOs (pH 1.060), 2 hours potentiostatic reduction at -1.26
V vs. Ag/AgCl, KCl sat. (-1 V vs. RHE), according to ref. 1.
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Figure S27. Current density for Cu (red) and Ti (blue) electrodes.
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Figure S28. Ti electrode photo image before electrolysis (a) and after electrolysis (b).
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19.2. Glassy carbon (GC)
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Figure S29. Ammonia production rate (a) and faradaic efficiency (b) of electrochemical nitrate
reduction using glassy carbon electrode as working electrode and 0.1 M NaNOs added with 1
M NaOH. Results were obtained by using divided batch cell, stirring rate 2912 rpm, and 1-hour
potentiostatic reduction at -1.6 V and -1.8 V vs. Ag/AgCl (KCl saturated).
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Figure S30. Current density for glassy carbon electrode.
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Figure S31. Ammonia production rate (a) and faradaic efficiency (b) of electrochemical nitrate
reduction using glassy carbon electrode for 5 consecutive experiments. Electrolyte: 0.1 M
NaNOs; with 1 M NaOH. Divided batch cell with stirring rate at 2912 rpm. Potentiostatic

reduction at -1.6 V vs. Ag/AgCl (KClI saturated) for 6 hours each measurement.

-2

S
(8]
<
€ — 1st
E, 2nd
Z, — 3rd
4th
o -60 —
E —— bth
c
“t’ -80 —
=]
(&]
-100 —

| | | | | | |
0 1 2 3 4 5 6
Time/h

Figure S32. Current density for glassy carbon electrode for 5 consecutive experiments.
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Figure S33. SEM images of glassy carbon electrode before electrolysis (a) and after electrolysis

(c), and photo images before electrolysis (b) and after electrolysis (d).
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20. Ammonia production stability with BDD

20.1. Production rate and faradaic efficiency
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Figure S34. Ammonia production rate (a) and faradaic efficiency (b) of electrochemical nitrate
reduction using 0.2% BDD electrode for 5 consecutive experiments. Electrolyte: 0.1 M NaNO3
with 1 M NaOH. Divided batch cell with stirring rate at 2912 rpm. Potentiostatic reduction at -
1.8 V vs. Ag/AgCl (KCI saturated) for 6 hours each measurement.
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Figure S35. Current density for BDD electrode for 5 consecutive experiments.
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20.2. BDD surface investigation after nitrate reduction
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Figure S36. SEM images of the BDD electrode surface before (a,b) and after (c,d)

electrochemical nitrate reduction stability test (5 consecutive experiments for 6 hours each).
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Figure S37. Raman spectra of the BDD electrode surface before (a) and after (b)

electrochemical nitrate reduction stability test (5 consecutive experiments for 6 hours each).
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21. Increasing ammonia production rate by 1% B/C BDD
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Figure S38. Ammonia production rate (a) and faradaic efficiency (b) of electrochemical nitrate
reduction using 0.2% and 1% BDD electrode as working electrode and 0.1 M NaNOs3 added
with 1 M NaOH. NHj3 (blue) and NO>™ (gray). Divided batch cell, stirring rate 2912 rpm, and
1-hour potentiostatic reduction at -1.8 V and -2.0 V vs. Ag/AgCl KCl saturated.
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Figure S39. Current density for experiments in Figure S38.
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22. Comparison with literature results

Table S2. Comparison of ammonia synthesis by nitrate electrochemical reduction with data

available in the literature.

Electrode / catalyst | FEnu3 /% | Pnuz/ pmol cm? h! [NOs /M Ref.
Cu 46+11 324+76 1 2
Ag oxide 89 — 0.002 3
Cu(100) 91 34 0.005 4
GalnSn 100 137 0.1 5
Cu/CuOx/Co/Co0O 93+2 1170 0.1 6
Pd/TiO; 92 66 0.25 7
FeB:> 97 1497 0.1 8
C/Co 95.4+1.8 73+1 0.1 9
Zn/CuO 96 55 0.01 10
CoNi 86 4016 0.032 11
NigsRhis 75 170 0.02 12
CuO 96 245 0.003 13
0.2% BDD 98+6 67+12
0.1 This work
1% BDD 78 184
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