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16  Supplementary figures

1-THF-LIBF, 2-THF-LiBF, 3-THF-LiBF,

17
18 Supplementary Fig. 1 The selected LiBF4 solvated conformations in the THF, DG, DME,

19 DOL, and H20 solvents.
20
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22  Supplementary Fig. 2 The potential energy of the LiBF4 in different solvents (THF, DG,
23 DME, DOL, and H20) asa function of AIMD simulation time.

3



> THF

L-1150

>

2

(0]

&-1152

<  HEus, SRR L VU b A | 0 S S
5

2 -1154
o

0 5 1 15 20
Simulation time (ps)
b ~ .

> -496 —— Diglyme

B-497

(0]

C

@

s

T

(0]

o

o

5 10 15 20
c Simulation time (ps)
;%, — DME
>
2
o A
c 1 |
(0]
S
c
)]
IS
-258 |
0 5 10 15 20
d Simulation time (ps)
;—245
2
>
5-246 —— DOL
c
o
®
= -247 _
2
o]
o
248 5 10 15 20
Simulation time (ps)
e
<~—236
E H,O
&-237
@
& [EELUR VR U1 R SRR TR A LR 8 1S AL AR ] Rl PRLUS S Rk S SN O
2-238
8
5
239
o
0 5 10 15 20
24 Simulation time (ps)

25 Supplementary Fig. 3 The potential energy of the pure solvents (THF, DG, DME, DOL, and
26 H20) asafunction of AIMD simulation time.
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Supplementary Fig. 4 The electron Iocalizatibn function (ELF) of thepure THF solvent (@
and LiBFsdissolved in THF (b) at isosurface = 0.81. The ELF iscalculated in the explicit model
as described in the computational detail but only the relevant part is shown here.
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Supplementary Fig. 5 The maximum bond length of neighboring C and O atomsin the DOL
solvent in the presence of LiBF..

O.



36
37

38
39

[&)]

B

Al ililhl “] ! [l.

w

Li-F bond length(A)

R

20 40 60 80 100
Simulation time (ps)

Supplementary Fig. 6 The Li and F bond length in LiBF4 when dissolving H20 during the
100 psAIMD.
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Supplementary Fig. 7 The assembled three-compartment continuous-flow reactor and
working electrode for Li-NRR. The dimension of the flow cell was 10.7 cmx10.7 cmx5.1 cm.
The effective area of the working electrode with gasket was 25 cn?. The cell is compressed by
bolt tightening.
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Supplementary Fig. 8 Comparison of different cycling processes with THF. a, 1 min for Li
deposition and 1 min for resting at OCV (defined as cycling in this work). b, 1 min for Li
deposition and resting until working electrode potential reach -2.5 V. All potentials are without
ohmic drop correction. The electrolyteis1 M LiBF4 in THF with 0.25 vol% EtOH.
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Supplementary Fig. 9 Comparison of different cycling processes with DME. a, 1 min for Li
deposition and 1 min for resting at OCV (defined as cycling in this work). b, 1 min for Li
deposition and resting until working electrode potential reach -2.5 V. All potentials are without

ohmic drop correction. The electrolyteis1 M LiBF4in DME with 0.15 vol% EtOH.
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Supplementary Fig. 10 Cycling process with DG. Here the cycling process shows 1 min for Li
depositionand 1 minfor resting at OCV (defined ascycling inthiswork). All potential s are without
ohmic drop correction. The electrolyteis1 M LiBF4in DG with 0.25 vol% EtOH.
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Supplementary Fig. 11 Optimizing theresting potential for the cycling processwith DG. Here
the cycling process shows 1 min for Li deposition and resting until working electrode potential
reach-2.2V (a), and-2.8V (b). All potentialsare without ohmic drop correction. The electrolyte

is1M LiBF4in DG with 0.25 vol% EtOH.
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Supplementary Fig. 12 Comparison of FE with different cycling processeswith DG. Cycling
with 1 min OCV represents 1 min for Li deposition and 1 min for resting at OCV (defined as
cycling in this work). Controlled cycling represents 1 min for Li deposition and resting until
working electrode potential reach different value, e.g., -2.8, -2.5, -2.2 V.
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Supplementary Fig. 13 Nyquist plots of different electrolytes. The electrolyteis 1 M LiBF4 in
different solvents (THF, DME, DG) with 0.25 vol% EtOH.
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Supplementary Fig. 14 Operando mass spectrometry of cathodic ammonia gas productswith
isotope-labelled deuterium. a, Applied potentials during potential cycling at -6 mA/cm?. b,
Measured ammonia products with varying amounts of hydrogen and deuterium. c, Relative
amounts of H and D in measured ammonia. As the experiment progresses, H isreplaced with D in
the proton shuttle (EtOH) leading to increased deuterated products. Here the cycling process shows
1 min for Li deposition and 1 min for resting at OCV. All potentials are without ohmic drop
correction. The electrolyteis 1 M LiBF4 in DME with 0.25 vol% EtOH. Initially, the cathode is
fully covered in fresh electrolyte yielding mainly H-containing products, such as NHsz and NDHo.
But as the experiment progresses, more D-containing products are formed. This unambiguously
proves that coupled NRRs and HORs are occurring and demonstrates the capacity of EtOH as a
proton shuttle.
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Supplementary Fig. 15 Operando mass spectrometry of cathodic ammonia gas productswith
isotope-labelled deuterium. a, Applied potentials during potential cycling at -6 mA/cm?. b,
Measured ammonia products with varying amounts of hydrogen and deuterium. c, Relative
amounts of H and D in measured ammonia. As the experiment progresses, H isreplaced with D in
the proton shuttle (EtOH) leading to increased deuterated products. Here the cycling process shows
1 min for Li deposition and 1 min for resting at OCV. All potentials are without ohmic drop
correction. The electrolyteis1 M LiBF4in DG with 0.25 vol% EtOH. Initially, the cathode isfully
covered in fresh electrolyte yielding mainly H-containing products, such as NHs and NDH2. But
asthe experiment progresses, more D-containing products are formed. This unambiguously proves
that coupled NRRs and HORSs are occurring and demonstrates the capacity of EtOH as a proton
shuttle.
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Supplementary Fig. 16 Digital photos of the home-built XPS transfer system. The transfer
system was first loaded into an Ar glovebox for sample loading, and the gate valve on the system was
closed. Then the system was attached to the transfer chamber and pumped down. When the pressure
of the transfer system reached below 5x10° mbar, the transfer gate was opened and the sample was
introduced to the transfer chamber. Finally, the grab arm is used to catch the sample and transfer it to
the analysis chamber.

17



113

114
115
116
117
118

Supplementary Fig. 17 Digital photos of the SEM transfer rod. The transfer rod (a) was first
loaded into an Ar glovebox for sample loading, and the gate valve on the rod was closed. Then the
system was attached to the SEM transfer chamber and pumped down, followed by introducing the
sample holder into the transfer chamber and the analysis chamber (b).
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Supplementary Fig. 18 Depth-profiling XPS spectra of F 1s for the GDE using DG-based
electrolyte(a) and THF-based electrolyte(b). The continuous-flow cell was run in an Ar-filled
glovebox using THF and DG under the same conditions, i.e., with the passed charge of 700 C and
0.25 vol% EtOH concentration.
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Supplementary Fig. 19 Visible change of different electrolytes before and after long-term
ammonia synthesis. Before long-term ammonia synthesis, 115-120 mL of fresh electrolytes were
prepared with different solvents accordingly. Specifically, 29 mL of THF-based electrolyte was
left after 14 h, 27 mL of DME-based electrolyte was |eft after 27 h, respectively.
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Supplementary Fig. 20 L ong-term ammonia synthesiswith controlled potential cycling at -6
mA cm using DG. The increased rate of passed charge versus time can be ascribed to the
gradually reduced resting time to the resting potential (-2.5 V), which is possibly caused by water
content, pH and/or temperature of the electrolyte.
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Supplementary Fig. 21 Independent long-term ammonia synthesis with controlled potential
cycling at -6 mA cm2 using DG. The fluctuation of the potential around 90 hoursiis attributed to
unintentional touch during the experiment. The increased rate of passed charge versus time can be
ascribed to the gradually reduced resting time to the resting potential (-2.5 V), which is possibly
caused by water content, pH and/or temperature of the electrolyte.
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Supplementary Fig. 22 The evolution of the ammonia distribution in gas phase and

electrolyte over passed chargefor thelong-term experiments using different solvents.
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Supplementary Fig. 23 Digital photos of the home-built online mass spectrometry (MS). The
MS is placed downstream on the N2 flow from the cathode side of the flow cell. This allows for
operando measurements of the flow cell operation and performance.
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157  Supplementary Fig. 24 Digital photos of the flow cell experiment in an Ar-filled glovebox.
158
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Supplementary Fig. 25 XPS survey spectra of the GDE using DG-based electrolyte (a) and
THF-based electrolyte(b). The continuous-flow cell was runin an Ar-filled glovebox using THF
and DG under the same conditions, i.e., with the passed charge of 700 C and 0.25 vol% EtOH
concentration.
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165 Supplementary tables

166 TableS1. Summary of ammonia distribution in gas-phase, electrolyte, and electr ode deposit
167  for the short-term continuous ammonia electr osynthesis using different electrolyte.”

168

MNH3 MNH3 MNH3
Solvent and cycling process (gasphase, (electrolyte, (electrode (T(th: o) FE (%)
mg) mg) deposit, mg)
THF-cycling 19 8.6 0.3 10.8 61.5
THF-cycling 1.9 8.4 0.3 10.6 60.6
THF-cycling 1.8 8.8 0.3 10.9 62.3
THF-controlled cycling 3.7 7.1 0.2 11.0 63.1
THF-controlled cycling 3.8 6.9 0.2 10.9 62.3
THF-controlled cycling 3.7 7.2 0.2 11.2 63.9
DME-cycling 45 5.0 0.2 9.7 55.3
DME-cycling 45 51 0.2 9.8 55.8
DME-cycling 45 49 0.2 9.5 545
DME-controlled cycling 4.8 51 0.2 10.1 57.6
DME-controlled cycling 5.0 5.0 0.2 10.2 58.0
DME-controlled cycling 4.6 52 0.2 10.0 57.1
DG-cycling 22 3.9 0 6.1 35.0
DG-cycling 2.2 4.0 0 6.2 35.6
DG-cycling 21 3.9 0 6.0 34.4
DG-controlled cycling 75 4.7 0 122 69.7
DG-controlled cycling 7.3 4.8 0 12.1 69.1
DG-controlled cycling 7.6 4.7 0 12.3 70.3

169 "The eectrolyte is 1 M LiBF4 in different solvents with 0.25 vol% ethanol concentrations. The
170  passed charge for al the experimentsis 297C. The cycling represents 1 min for Li deposition and
171 1 min for resting at OCV. The controlled cycling represents 1 min for Li deposition and resting
172 until working electrode potential reach -2.5V.

173

27



174 Table S2. Summary of the ammonia distribution in gas-phase and electrolyte for the long-

175 term continuous ammonia electrosynthesis using THF-based electrolyte.”

176
. MNH3 MNH3 Percent of Percent of NH3
Time Passed MNH3 i )
(gasphase, (electrolyte, NHzingas- ine€lectrolyte
(h) charge (C) (total, mg) (%)
mg) mg) phase (%) (%)
1 212 2.8 2.8 5.6 50.0 50.0 449
35 838 12.7 19.8 325 39.1 60.9 66.1
6 1217 18.3 225 40.8 44.8 55.2 57.0
9 1686 220 23.8 45.8 48.0 52.0 46.2
10.5 2019 229 253 48.2 475 525 40.6
14 2984 234 26.2 49.6 47.2 52.8 28.3

177  "Theélectrolyteis 1 M LiBF4in THF with 0.15 vol% ethanol concentrations.

178
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179 Table S3. Summary of the ammonia distribution in gas-phase and electrolyte for the long-
180 term continuous ammonia electrosynthesis using DM E-based electrolyte.”
181

. MNH3 MNH3 Percent of Percent of NH3
Time Passed MNH3 i )
(gasphase, (electrolyte, NHzingas- ine€lectrolyte
(h) charge (C) (total, mg) (%)
mg) mg) phase (%) (%)
2 126 16 3.2 4.8 33.3 66.7 64.1
4 406 5.8 11.2 17.0 34.1 65.9 71.3
75 964 14.0 22.3 36.3 38.6 61.4 63.9
9 1199 17.7 26.8 445 39.8 60.2 63.1
10.5 1496 2238 339 56.7 40.2 59.8 64.4
15 2253 35.3 453 80.6 438 56.2 60.8
25 4075 35.2 70.6 116.0 30.3 69.7 484
27 4604 41.8 87.6 129.4 323 67.7 47.7

182 "Theélectrolyteis 1 M LiBF4in DME with 0.15 vol% ethanol concentrations.
183
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184 Table S4. Summary of the ammonia distribution in gas-phase and electrolyte for the long-
185 term continuous ammonia electrosynthesis using DG-based €eectrolyte in Fig. 5b and
186  Supplementary Fig. 20.

187
Time Passed MNH3 MNH3 . Percent of Percent of NH3
(gasphase, (electrolyte, NHzingas- ine€lectrolyte
(h) charge (C) (total, mg) (%)
mg) mg) phase (%) (%)
4 198 5.2 2.2 7.4 70.3 29.7 64.1
315 9.0 3.7 12.7 70.9 29.1 68.5
446 12.3 5.2 175 70.3 29.7 66.5
10 584 15.8 6.8 22.6 70.0 30.0 65.9
12 737 21.0 9.7 30.7 68.4 31.6 70.8
24 1844 51.2 239 75.1 68.1 319 69.3
36 3281 87.6 41.7 129.3 67.7 32.3 67.0
48 5083 158.8 43.8 202.6 78.4 21.6 67.8
60 7479 253.0 46.1 299.1 84.6 154 70.0
72 10483 368.5 47.6 416.1 88.6 114 67.5
96 20842 760.3 50.3 810.6 93.8 6.2 66.1
108 26538 1030.8 52.1 1082.0 95.2 4.8 68.0
132 38110 1450.4 54.2 1504.6 9.4 3.6 67.1
156 49883 1892.6 58.0 1950.6 97.0 3.0 66.5
180 61857 2376.2 61.7 2437.9 975 25 70.0
204 73960 2850.3 66.6 2916.9 97.7 2.3 67.0
228 86175 3327.2 70.3 3397.5 97.9 21 67.0
252 98528 3734.8 734 3808.2 98.1 19 65.7
276 111065 4166.0 80.0 4246.0 98.1 1.9 65.0
300 123388 4596.8 81.6 4678.4 98.2 18 64.4

188 ‘Theeélectrolyteis1 M LiBFzin DG with 0.15 vol% ethanol concentrations.
189
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190 Table S5. Summary of the ammonia distribution in gas-phase and electrolyte for the long-

191 term continuous ammonia electrosynthesis using DG-based electrolyte in Supplementary

192 Fig. 21
193
Time Passed MNH3 MNH3 . Percent of Percent of NH3
(gasphase, (electrolyte, NHzingas- ine€lectrolyte
(h) charge (C) (total, mg) (%)
mg) mg) phase (%) (%)
4 180 4.8 1.8 6.6 727 27.3 62.1
261 7.3 2.2 95 76.8 232 62.3
351 10.3 41 144 715 285 69.9
10 441 12.3 53 17.6 69.9 30.1 68.2
12 549 14.8 7.1 21.9 67.6 324 67.9
24 1288 36.9 15.2 52.1 70.8 29.2 68.8
36 2310.3 63.2 285 917 68.9 311 67.5
48 3822 107.0 414 148.4 721 27.9 66.0
60 6071 190.6 42.7 233.3 81.7 18.3 65.3
72 9246 306.9 45.8 352.7 87.0 13.0 64.8
96 19426 666.3 48.8 715.1 93.2 6.8 62.6
108 25018 904.2 49.6 953.8 94.8 5.2 64.8
132 36385 1289.3 51.2 1340.5 96.2 3.8 62.6
156 47842 1718.2 56.5 17747 96.8 3.2 63.0
180 59285 2219.8 60.9 2280.7 97.3 2.7 65.4
204 70916 2545.9 64.6 2610.5 975 25 62.6
228 82888 3075.8 66.8 3142.6 97.9 2.1 64.4
252 95035 3532.4 70.8 3603.2 98.0 2.0 64.4
276 106832 4063.6 75.6 4139.2 98.2 18 65.9
300 118764 4386.0 78.2 4464.2 98.2 18 63.9

194 "Theeélectrolyteis1 M LiBF4in DG with 0.15 vol% ethanol concentrations.
195
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196 Table S6. Summary of the stability, FEs, EEs and ammonia distribution (gas-phase and

197  electrolyte) of previous publications and thiswork.

198
Passed MNH3 Percent of
Reactor Solvent  Stability (h) FE (%) EE (%) charge (total, NHsingass Reference
© mg) phase (%)
Continous-flow DG 300 64 17 123388 46784 98.2 Thiswork
Continous-flow  THF 10 61 13 2600 93.0 45.0 Ref. 1
Continous-flow  THF 25 29.7 6.3 700 12.2 2.1 Ref. 1
Continous-flow THF 25 35.1 74 700 145 47.0 Ref. 1
Continous-flow  THF 25 195 4 700 8.0 45.6 Ref. 1
Continous-flow  THF 25 10.8 22 700 44 24.3 Ref. 1
Continous-flow  THF 0.1 35 26 7 0.15 <50 Ref. 2
Batch THF 2.0 78 11.7 50 2.3 -- Ref. 3
Batch THF 1 249 31 12.8 0.2 -- Ref. 3
Batch THF 21 20.2 18 274 0.3 - Ref. 3
Batch THF 0.7 185 15 7 0.1 -- Ref. 4
Batch THF 50 37.1 6.9 100 2.2 -- Ref. 5
Batch THF 0.8 13.6 3.9 150 12 - Ref. 6
Batch THF 93 38 8 118 26 -- Ref. 7
Batch THF 96 98 15 1122 64.7 -- Ref. 8
Batch THF 0.1 40 2.8 5 0.1 -- Ref. 9
Batch THF 2.8 7.5 0.7 20 0.1 -- Ref. 10
Batch THF 0.3 71 1.7 240 10.0 45 Ref. 11
Batch THF 0.3 45 84 240 6.4 7.1 Ref. 11
Batch THF 0.3 31 3.8 240 44 8.1 Ref. 11
199
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