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Experimental

Reagents. Ammonium tetrathiomolybdate (99.97%), sodium perchlorate (>98%),
monobasic sodium phosphate (>98%), dibasic sodium phosphate (>99.0%), para—
(dimethylamino) benzaldehyde (p—CoH11NO), phenol (=99%), sodium nitroprusside
(299.0%), sodium hydroxide (>97.0%), sodium hypochlorite aqueous solution (6-14 %
active chlorine), concentrated hydrochloric acid (HCI - 37 wt %) sulfuric acid (H2SO4 —
98%), nitric acid (HNO3 — 65%), methanol, ethanol and chloroform were obtained from
Sigma-Aldrich and wused without further purification. PIM-1 (or 2,3,5,6-
tetrafluorophthalonitrile-3,3,3”,3’-  tetramethyl-1,1°- spirobisindane- 5,5°,6,6’-tetrol
copolymer, Sigma Aldrich, monomer molecular weight 460 g mol™!, molecular weight
typically 70 KD) was synthesized using a method described in the literature.[*>*! A
carbon paper (TGP-H-090 - total thickness of 280 um) was obtained from Toray
Industries. Argon, nitrogen and oxygen were purchased from BOC UK (Pureshield).
Ultrapure water (18.2 MQ cm at 20 °C) obtained from a Thermo Scientific water

purification system, was used to prepare all solutions.

Instrumentation. A potentiostat/galvanostat (Autolab Model GPSTAT12, EcoChemie,
The Netherlands) with a three-electrode system was used to carry out all the
electrochemical measurements. The working electrodes on carbon paper (CP) were
MoS,/CP and PIM-1/MoS»/CP, while a graphite rod was used as counter electrode in a
separate compartment (separated by a glass frit), and a KCI (4 M) Ag/AgCl was employed
as reference (Fisher Scientific, £ (vs RHE) = Eappi (vs. Ag/AgCl/Clam kcny) + pH x 0.059
V +0.197 V). The error in potential due to junction potentials and temperature is approx.

+ 10 mV. A 0.1 mol L™! phosphate buffer solution (PBS; sodium-based) pH 7 was used
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as the electrolyte solution for all experiments. The MoS,/CP and PIM-1/MoS,/CP
catalysts were characterized using a field emission scanning electron microscope (FE-
SEM, Jeol JSM-7900F) with an acceleration voltage of 5.0 kV. XRD patterns were
collected in a STOE STADI P equipped with a Multi-Mythen detector using
monochromated Cu Ka radiation (1.54060 A). The ammonia production was analyzed on
a reverse phase ion-pairing chromatography coupled to tandem mass spectrometry
(Agilent 6545 Accurate-Mass Q-TOF LC/MS system). A Walkup mass spectrometer was
used for mass detection with a fragmentor voltage of 80 V and collision energy of 30 V.

Peaks were integrated in Mass Hunter (Agilent) software.

Procedures

Pre-treatment of carbon paper. Before the deposition of the catalysts, the carbon paper
substrate needed to be treated in acid to increase the hydrophilicity of the material, which
is hydrophobic due to the presence of PTFE on the surface. For the acid treatment method,
concentrated H2SO4/HNO3 (V/V:3/1) solution were prepared. The CP (0.5 cm x 0.5 cm
on both sides to give approximately 0.5 cm? total geometric electrode area) was dropped
into the acid solution and subjected to an ultrasonic cleaning bath for 10 min at room
temperature. Then, the substrate was rinsed multiple times with ultrapure water and dried

in the oven at 60 °C for 1 hour.

Synthesis of MoS> (MoS>/CP). The molybdenum sulfide film was prepared by

[56-58] The cyclic voltammetry

electrodeposition technique according to previous reports.
(CV) technique was performed for 50 cycles in the potential range of —1.1 Vt0 0.2 V vs.
Ag/AgClat 50mV s ! using 5 mmol L™ (NH4)2MoS4 and 0.1 mol L™! NaClO4, previously

de-aerated with Ar for 15 min.

PIM-1 nanoparticle synthesis. PIM-1 nanoparticles were synthesized using an anti-
solvent precipitation method, as reported previously.>%Y Briefly, the PIM-1 polymer was
dissolved in 2 mL of chloroform at a concentration of 1 mg mL ™. The solution was added
dropwise into 20 mL of methanol with vigorous stirring for 30 min, followed by
centrifugation for 30 min at 5000 rpm for the removal of excess methanol. The PIM-1

nanoparticles were subsequently re-dispersed in methanol by ultrasonication (15 min). To
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prepare nanoparticle films, a volume of 5 pL (2 mg mL™!) of PIM-1 solution in methanol,
equivalent to 10 pg PIM-1 (other quantities of PIM-1 used in this study were calculated

proportionally), was drop-coated onto the MoS2/CP electrode to dry at room temperature.

O: reduction reaction (ORR). Cyclic voltammetric (CV) measurements were conducted
between —0.6 and 0.8 V vs Ag/AgCl at the potential scan rate of 50 mV s ™! in 0.1 mol L™!
phosphate buffer pH 7 in different gas environments (Ar-saturated, ambient air and O»-

saturated).

N> reduction reaction (NRR). The reaction was carried out in 60 mL of 0.1 mol L™! PBS
pH 7 in which high purity N, gas or ambient air (30 mL min™!) was bubbled for 45 min
for complete saturation of the medium, as well as throughout the entire electrolysis (2 h).
Before the gas injection, NH3/NOyx impurities were removed from the gas feed using
alkaline (NaOH 5 mmol L) followed by acid (H2SO4 5 mmol L) traps. The cell was
based on the voltammetry cell, but with an insert with glass frit to separate the counter
electrode compartment. Isotopic labelling experiments with N> were conducted to
validate nitrogen sources in the production of NH3. The experiment was carried out in 0.1
mol L™! PBS pH 7 with continuous purging of ’N (> 98 atom % '°N, Cambridge Isotope
Laboratories, Inc.), applying a potential of —0.85 V vs. Ag/AgCl for 2h. Subsequently, the
current density was recorded with respect to the geometric surface area of the working

electrode, A = 0.5 cm? considering front and back.

H>0: detection. For H>O; production, chronoamperometric curves were recorded in O»-
saturated 0.1 mol L™! PBS pH 7 (60 mL) at —0.6 V vs Ag/AgCl for 2h. Hydrogen peroxide
detection was performing following a previously reported method.[*!) Briefly, H,Ox reacts
with p-nitrophenyl boronic acid stoichiometrically in alkaline conditions (carbonate
buffer pH 9) to give the product p-nitrophenol. The amount of p-nitrophenol, which equals
the concentration of H>O», is then detected and analysed using a LC-MS system. Thus,

with a calibration curve (Figure S1) the concentration of H>O; is obtained.

NH; detection. The yield amount of NH3 ([NHs]y,) in the solution was measured by LC-

MS system. Before LC-MS analysis, the solution containing NH3 was stained through the
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indophenol method. Briefly, two reagent solutions were prepared: S1 was prepared by
dissolving 100 mmol L' phenol and 50 mg L' sodium nitroprusside dihydrate in
ultrapure water. S2 is composed of 0.38 mol L™! dibasic sodium phosphate, 125 mmol
L! sodium hydroxide, and 1% (vol) sodium hypochlorite (10-15 % active chlorine).
Upon addition of the two reaction solutions (1000 puL each), the samples (200 pL) are
mixed in and incubated at 37 “C for 40 min. All solutions and reactions should be stored
at 4 oC until use for LC-MS analysis. A calibration curve for NH3 was constructed (Figure
S2), using the procedure described above in triplicate, on standard NH4Cl solutions
prepared in 0.1 mol L™! PBS pH 7 media with NH4" concentrations ranging from 0.00 to
100 uM.

To eliminate the possible exterior sources of contaminations the corresponding
Ar-saturated ([NH;3],-) condition and the open-circuit Nj-saturated condition
([NH3]open) for the NRR experiment were used as the baseline for NH3 production. Thus,
the corrected [NH3] produced during the N> reduction was calculated using the following

equation (Equation 1):
[NH3] = [NH3]N2 — [NH3] 4 — [NH3]Open (S1)
The NHj3 yield rate was determined by (Equation 2):
NH; yield rate (ugh™* mgz}%) = ([NH3] x V)/(t x m) (S2)
Here [NH;] is the corrected concentration of NH3 production (ug L™!); V is the volume
of the electrolyte (L); m is the mass loading of the catalyst on CP (mg), and t is the
electrolysis reaction time (h).
The Faradaic efficiency (FE) can be calculated using the following equation
(Equation 3):
FE = (3x F X [NH3] xV)/17 xQ (S3)
Here F refers to the Faraday constant (96485.3 C mol™'), Q is the quantity of electric

charge via the applied potential during the entire experiment (C).[%]
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N>Hy detection. The Watt and Chrisp method was adopted to quantify the NoHy in the

[63] The coloring agent was prepared by mixing 6.0 g of p-

electrolyte after the reaction.
CoH11NO with 30 mL of concentrated HCI and 300 mL of C2HsOH. Then, 5 mL of the
electrolyte was taken from the acid trap and mixed with 5 mL of the coloring agent
followed by stirring for 10 min and standing for 20 min. The absorbance of the solution
was constructed using standard hydrazine hydrate solutions ranging from 5 to 35 pmol
L' M. As demonstrated in Figure S4, a good linear relationship between the absorbance

value and the NoH4 concentration was obtained in three independent calibrations.
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Table S1. Comparison of optimum NH3 yield rates and faradaic efficiency (FE) for

several catalysts for NRR at ambient conditions.

Optimum
Potential NH3 yield rate
Catalyst Electrolyte (V vs. (ugh™' mg ™) FE (%) Ref.
RHE)
PIM-1a20 This
1MPB —0.24* 1.2 45.4
ng/ MoS2/CP 0 S 0 6 S work
0.1M
M Fex —-0.2 2. 4, 22
0S2@FexOy Na,SO4 0 62.6 54.9 [22]
FeMo3S4 0.5M
nanorods LiClOs 0.3 65.3 19.2 [64]
0.5M
M —0. I1. .
02C/C Li»SOs 0.3 3 7.8 [65]
MozN nanorods 0.1 M HCl -0.3 78.4 4.5 [66]
0.1M
MoOQ»/graphene N2:SO; 0.35 37.4 6.6 [67]
FeMoO4 0.5M 13.2
-0.5 45.8 68
nanorods LiClO4 (-0.3V) [68]
MosFesC 1 M KOH —0.05 1.23 27 [69]
0.25M 41.7
FeM —0. 14.
eMoNe LiClOs 03 95 —o2vy L7
Defect rich 0.1 M
-0.4 29.28 8.34 1
MoS; NaxSOq4 ? [71]
MoS2-800 0.1 M HCl —-0.35 23.38 17.9 [72]
Metastable 0.1 M
1T MoSs Na:SOx —-0.3 9.24 13.4 [73]
S-rich MoS, 0.1 M
nanosheet Li2SO4 04 432 o8 [74]
Fe203/Cu 0.1 M KOH —-0.1 15.60 24.40 [75]
NiWO4 0.1 M HCI —-0.3 40.05 19.32 [76]
Fe-NioP 0.1 M HCl —-0.3 88.51 7.95 [77]
0.1M
A —0. 24, 13.2
23Cu N2:SO; 0.5 59 3.28 [78]

* The potential was converted to the scale of the reversible hydrogen electrode (RHE)

with the following equation: £ (vs RHE) = Eapp1 (vs. Ag/AgCl/Clam kcry) + pH % 0.059 V

+0.197 V.
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