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Experimental

Materials: Sodium gluconate (C¢H;1NaO7, 99.0%), sodium carbonate (Na,CO;, 99.0%),
hydrochloric acid (HCI, 99.0%), and ethanol (C,H¢O, 99.0%), ammonium chloride (NH4Cl),
salicylic acid (C;HgO;), sodium citrate  dehydrate (C¢HsNa;O0,-:2H,0), p-
dimethylaminobenzaldehyde (CoH;1NO), sodium nitroferricyanide dihydrate
(CsFeNgNa,0-2H,0), benzyl disulfide (BDS), sodium hypochlorite solution (NaClO) and
graphene oxide (GO) powder were purchased from Aladdin Ltd. (Shanghai, China). Nafion (5
wt%) solution was purchased from Sigma-Aldrich Chemical Reagent Co., Ltd. Hydrochloric
acid, nitric acid, sulfuric acid, hydrogen peroxide, hydrazine monohydrate (N,H,;-H,0) 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 S-G and G: S-graphene was synthesized by directly annealing GO and BDS
in argon. The anneal treatment was carried out in a tube furnace with high purity argon as
protective ambient. The detailed procedure is as follows. GO and BDS with mass ratio of GO
and BDS of 1:2 was ultrasonically dispersed in ethanol for about 30 min. The resulting
suspension was spread onto an evaporating dish and dried, forming a uniform solid mixture.
The mixture was placed into a quartz tube with argon atmosphere and annealed at 1050 °C.
After that, the sample was cooled to room temperature under ambient Ar and collected from
the quartz tube. For comparison, undoped G was prepared GO without BDS was treated under
the same condition.

Characterizations: Transmission electron microscopy (TEM) images were collected on a
HITACHI H-8100 electron microscopy (Hitachi, Tokyo, Japan) operated at 200 kV. XPS
measurements were performed on an ESCALABMK II X-ray photoelectron spectrometer

using Mg as the exciting source. Raman spectra were obtained by a Renishaw inVia confocal
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Raman microprobe under 532 nm laser excitation. The absorbance data of spectrophotometer
were acquired on SHIMADZU UV-1800 UV-Vis spectrophotometer.

Electrochemical Measurements: Electrochemical NRR measurements were performed in a
two-compartment cell separated by Nafion membrane using a CHI660E electrochemical
analyzer (CH Instruments, Inc.). The electrochemical experiments were carried out with a
three-electrode configuration wusing graphite plate as the counter electrode and
Ag/AgCl/saturated KCl as the reference electrode. The working electrode was a modified. In
a typical synthesis of electrode, 10 mg of the catalyst was dispersed in 1 mL of water
containing Nafion solution (5 wt%), followed by ultrasonic treatment for 30 min to form a
homogeneous ink. Then, 10 puL of the ink was loaded onto a carbon paper electrode with area
of 1 x 1 cm? and dried under ambient condition, the catalyst loading mass is 0.1 mg. The
potentials reported in this work were converted to reversible hydrogen electrode (RHE) scale
via calibration with the following equation: E (vs. RHE) = E (vs. Ag/AgCl) + 0.256 V and the
presented current density was normalized to the geometric surface area. For electrochemical
N, reduction, chrono-amperometry tests were conducted in N,-saturated 0.1 M HCI solution
(the HCI electrolyte was purged with N, for 30 min before the measurement).

Determination of NH;: Concentration of produced NH; was spectrophotometrically
determined by the indophenol blue method.! Typically, 2 mL electrolyte was taken from the
cathodic chamber, and then 2 mL of 1 M NaOH solution containing 5% salicylic acid and 5%
sodium citrate was added into this solution. Subsequently, 1 mL of 0.05 M NaClO and 0.2 mL
of 1% CsFeNgNa,O-2H,0 were add into the above solution. After standing at room
temperature for 2 h, the UV-Vis absorption spectrum was measured at a wavelength of 655
nm. The concentration-absorbance curves were calibrated using standard NHj; solution with a
serious of concentrations. The fitting curve (y = 0.3713x + 0.0515, R? = 0.999) shows good
linear relation of absorbance value with NH; concentration by three times independent

calibrations.



Determination of N>H,: The N H, presented in the electrolyte was estimated by the method of
Watt and Chrisp.? A mixed solution of 5.99 g CoH;;NO, 30 mL HCI and 300 ml ethanol was
used as a color reagent. Calibration curve was plotted as follow: firstly, preparing a series of
reference solutions; secondly, adding 5 mL above prepared color reagent and stirring 20 min
at room temperature; finally, the absorbance of the resulting solution was measured at 455 nm,
and the yields of N,H,; were estimated from a standard curve using 5 mL residual electrolyte
and 5 mL color reagent. Absolute calibration of this method was achieved using N,H,;-H,O
solutions of known concentration as standards, and the fitting curve shows good linear
relation of absorbance with N,H;-H,O concentration (y = 1.0734 x + 0.0318, R?=0.999) by
three times independent calibrations.

Calculations of NH; formation rate and FE: The FE for N, reduction was defined as the
amount of electric charge used for synthesizing NHj divided the total charge passed through
the electrodes during the electrolysis. The total amount of NHj produced was measured using
colorimetric methods. Assuming three electrons were needed to produce one NH; molecule,
the FE could be calculated as follows:

Ammonia formation was calculated using the following equation:

Ammonia formation rate = [NH4 ]xV/(mxt)

FE was calculated according to following equation:

FE = 3xFx[NH4"|xV/(17xQ)

Where [NH4*] is the measured NH4" ion concentration; V is the volume of the cathodic
reaction electrolyte; t is the potential applied time; m is the loaded quality of catalyst; F is the
Faraday constant; and Q is the quantity of applied electricity.

Computational method: All electron spin-polarized DFT methods implemented in the DMol3
module of Material Studio package have been employed for all present calculations.>* The
generalized gradient approximation Perdew-Burke-Ernzerhof (PBE) exchange-correlation

functional is adopted.> The van der Waals interaction is described using the empirical
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correction scheme of Grimme.® To expand the electronic wavefunction, the double numerical
plus polarization (DNP) basis set is used.” Self-consistent field (SCF) calculations are
performed with a total energy convergence criterion of 1076 hartree. Since bulk water layer
slightly stabilizes NRR intermediates,® we have therefore adopted the conductor-like
screening model (COSMO) to implicitly consider solvent effects.’

Twelve sulfur-doped models have been constructed in our work. Eight of them are sulfur-
doped graphene models. For them, a 6x6 two-dimensional graphene supercell has been used.
In DFT calculations, a 5x5x1 Monkhorst-Pack k-points are used. However, for the S-doped
graphene nanorribon models, both 4x5 zigzag and 9x3 armchair graphene nanoribbons are
employed in which a 1x1x5 Monkhorst—Pack k-points are used in the DFT calculations. In
both situations, to avoid artificial interaction a more than 15 A vacuum layer is used between
two neighboring slabs. Fig. S9 schematically illustrates our constructed sulfur-doped
graphene models.

Six net proton coupled electron transfer (PCET) steps are involved in NRR processes (N, +
6H" + 6¢- — NH;). According to previous theoretical studies,'® gaseous H, is employed as the
proton source due to its convenience of simulating the anode reaction i.e. H, <> 2(H" + ¢).
Every PCET step involves the transfer of a proton coupled with an electron from solution to
an adsorbed species on the surface of electrocatalyst. The Gibbs free energy change (AG) of
every elemental step is calculated by using the standard hydrogen electrode (SHE) model
proposed by Nerskov et al.,!!*!3 which uses a half of chemical potential of hydrogen molecule
as the chemical potential of a proton-electron pair. In detail, the free energy change is defined:
AG = AE + AZPE — TAS + AG,u + AGy, where AE is the reaction energy directly obtained
from DFT calculations; AZPE is the change in zero-point energy; The is temperature (298.15
K); and AS is the change in entropy. AGy = —neU, where n is the number of electrons
transferred and U is the electrode potential. AG,y is the correction of the H' free energy by

the concentration, determined as AG, = 2.303 X kgT x pH (or 0.059 x pH), where kg is the
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Boltzmann constant and the value of pH is assumed to be zero. The zero-point energies and
entropies of the NRR species are determined from the vibrational frequencies in which only
the adsorbed species’ vibrational modes are computed explicitly and the electrocatalyst sheet
is fixed. The entropies and vibrational frequencies of gas phase molecules are taken from the
NIST database [http://cccbdb.nist.gov/].

We have calculated the adsorption energy of the N, and NNH species on the catalyst sheet.
The adsorption energy of X species E,q4s (X) is calculated as the energy difference

E.q4s (X) = - [ E(total) - E(surface) - E(X) ]

where E(surface), E(X), and E(total) are the potential energies of the clean surface, gas-phase

X species, and the adsorbed X spacies, respectively.



Fig. S1. TEM image of G.
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Fig. S2. Raman spectrum of S-G.
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Fig. S3. Raman spectrum of G.
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Fig. S4. (a) UV-Vis absorption spectra of indophenol assays with NH,4" ions after incubated

for 2 h at room temperature. (b) Calibration curve used for estimation of NH,*.
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Fig. S5. (a) UV-Vis absorption spectra of various N,H4 concentrations after adding into

chemical indicator by the method of Watt. (b) Calibration curve used for calculation of

N,H, concentrations.
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Fig. S6. (a) Ion chromatogram analysis for the NH4" ions. (b) Calibration curve used for

estimation of NH4". (¢) Ion chromatogram for the electrolytes at a series of potentials after

NH; b
NS
o y = 0.2165x *
= . _J}t:,}_/ s Y 0.064 R? = 0.9886
o | E
*
e @
: = 0.03
1 ©
. :
K 1 : <
N\ I 1  o0.004
0 10 20 30 0.0 0.1 0.2 0.3
Time (min) Concentration (NH;, ug mL™
NH; d
0.9V 25 | ~ [12
[L L 08V |75 20- x .
L B e iCiam i ~ ' —_
LI b 15‘ 1 O\c
! 1 '07 V = I’ _6 e
: : (=] ; E
| [ & 10‘ /
N 06V P * i
| - o) A >z 5 g , 3
/k: | — 05V o
0 10 0 30 09 0.8 -07 -06 -0.5
Time (min) E (V vs. RHE)

electrolysis for 2 h. (d) Vyp3 and FEs for S-G/CP at corresponding potentials.

11



— Blank
4 —-05V
> — 0.6V
= 3
E 0.7V
=5 2 08V
= : —-09V
<
0
-1

420 440 460 480
Wavelength (nm)

Fig. S7. UV-Vis absorption spectra of the electrolytes estimated by the method of Watt and
Chrisp before and after 2 h electrolysis in N, atmosphere at each given potential at ambient

conditions using S-G/CP as the working electrode.
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Fig. S8. (a) Recycling tests at potential of —0.6 V for S-G. (b) Time-dependent current density

curve for S-G catalyst at the potential of —0.6 V for 24 h.
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Fig. S9. TEM image for S-G after stability test.
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Fig. S10. HRTEM image for S-G after stability test.
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. S11. XPS spectra of S-G in the (a) C 1s and (b) S 2p regions after stability test.
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Fig. S12. LSV curves of S-G/CP in Ar- and N,-saturated 0.1 M HCI with a scan rate of 5 mV

s~! after stability test.
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Fig. S13. DFT optimized geometric structures of the NRR intermediates of model 1. Color

code: carbon in gray, sulfur in yellow, hydrogen in white.
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Fig. S14. DFT optimized geometric structures of the NRR intermediates of model 2. Color

code: carbon in gray, sulfur in yellow, hydrogen in white.
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Fig. S15. DFT calculated energy profile for the electrocatalytic N, reduction reaction on
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active sites and mechanisms (color code: carbon in gray, sulfur in yellow, hydrogen in white,

and oxygen in red). The models 1 and 2 are discussed in the main text.
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Fig. S17. DFT optimized geometric structures of the NRR intermediates of model 9. Color

code: carbon in gray, sulfur in yellow, hydrogen in white.
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Fig. S18. DFT optimized geometric structures of the NRR intermediates of model 12. Color

code: carbon in gray, sulfur in yellow, hydrogen in white.
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Fig. S19. DFT optimized geometric structures of the NRR intermediates of model 17. Color

code: carbon in gray, sulfur in yellow, hydrogen in white, oxygen in red.
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Fig. S20. DFT calculated free energy profiles (eV) of the alternative (blue) and distal (red)
NRR pathways of models 9, 12, and 17 in Figure S14. Those for models 1 and 2 are in the

main text.
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Table S1. Comparison of electrocatalytic N, reduction performance for S-G with other

aqueous-based electrocatalysts in acids at ambient conditions.

Catalyst Electrolyte NH; yield FE% Ref.
S-G/CP 0.1 M HC1 273 ugh 'mg e, 11.5 This work
a-Au/CeO4-RGO 0.1 M HCI 831 ugh ' mg ', 10.1 14
TA-reduced Au/TiO, 0.1 M HCI 214 ugh ' mg ', 8.11 15
BisV,0,,/CeO, 0.1 M HCI 2321 pgh i mg o 10.16 16
Mo nanofilm 0.01 M H,SO4 1.89 pgh!cm™ 0.72 17
N-doped porous carbon 0.05 M H,S0O4 23.8 ugh 'mg ', 1.42 18
N-doped porous carbon 0.1 M HCI 15.7 ugh ' mg 'y 1.45 19
Boron-doped graphene 0.05 M H,SO, 9.8 ugh'cm™ 10.8 20
Polymeric carbon nitride 0.1 M HCI 8.09 ugh™ ' mg'e, 11.59 21
MoO; 0.1 M HC1 29.43 ug h' mg!'cat. 1.9 22
Mo,N nanorod 0.1 M HCI 78.4 pg h™! mge,, ! 4.5 23
Nb,O5 nanofiber 0.1 M HCI 43.6 ygh ' mg ', 9.26 24
B.C 0.1 M HCI 26.57 pg h-' mg oy 15.95 25
TisC,T, nanosheet 0.1 M HCI 204 g h' mg e 9.3 26
Mo,C nanorod 0.1 M HCI 95.1 pgh'mg', 8.13 27
d-TiO,/TM 0.1 M HCI 1.24 x 1071 mol s! cm™2 9.17 28
VN 0.1 M HCI 248 10 molT s 5 oo 29
cm
Cr,05tGO 0.1 M HCI 333 g h™' mgey 733 30
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Table S2. Adsorption energies (eV) of N, and NNH species on models 1-17, in which ‘-’

represents that the species cannot be stably adsorbed on the surfaces.

1 2 3 4 5 6 7 8 9
N, 022 | -037 | 0.15 | 0.23 | 0.14 | 0.04 | 0.14 | 0.10 | 0.12
NNH | 1.65 | 1.73 - 0.10 | 0.14 | -0.09 | -0.07 - 0.99

10 11 12 13 14 15 16 17
N, 0.04 | 0.14 | 0.21 | 0.16 | 0.12 | 0.11 | 0.12 | 0.11
NNH | -0.04 | 0.15 | 1.37 | 0.21 | -0.32 - -0.03 | 0.43
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