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Introduction

Conventional Haber-Bosch process
 Intensive resource and energy consumption

« Contribute ~2% of global CO, emissions

DOI: 10.1016/j,joule.2020.04.004

NH; electrosynthesis
« Allow to occur under mild
ambient conditions

e Green & zero emission

« Powered by renewable energy
DOI: 10.1016/jjoule.2020.04.004

N, and H,O can be converted into NH; via
electrochemical process enabled by renewable electricity

Phosphonium
cation H R Yiide
¥ 7 A\
/ \

DOI: 10.1126/science.abg2371

Li-mediated nitrogen reduction (Li-NRR): the most promising way to synthesize

NH; with high faradaic efficiency and prospective rates.
« Common proton carrier: Ethanol Li;N + 3H" — 3 Li" + NH;

« Alternative: Phosphonium-based ionic liquids with unique properties

{Phosphonium basedJ

ionic liquids

Electrochemical lonic Low Nitrogen
stability conductivity volatility solubility

Objectives

= |nvestigation of the mass-transport effects of phosphonium-based

lonic liquids
= Designing an effective continuous flow cell to study mass-transport
In the LI-NRR system
= Kinetic modelling and simulation for discovering mechanistic insight
for the Li-NRR

Experimental

Electrochemical and control procedure

Confirm concordance with ">NRR
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| NRR tests I Report :
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Ammonia quantification: Spectrophotometric Berthelot method

Sample 1:
| +400 pL of 50 mM H,SO, (0 nmol)
A,
Sample 2: oL
| +400 L of 10 uM NH,CI o
U in 50 mM H,SO, (4 nmol) 2
Sample 3:
| 4400 pL of 20 pM NH,CI
J  in50 mM H,SO, (8 nmol)

x+on
N x+4nmol
x40 nmol
Sample 4:
\ | +400 pL of 50 yM NH,CI >

: in 50 mM H,SO, (20 nmol) NH, (nmol)

Blank:
500 pL of 50 mM H,SO,

DOI: 10.1126/science.abg2371

« Standard addition method: eliminate matrix interferences

« Ammonia concentrations correspond to absorbance of

Sample is diluted
with 50 mM H,SO,.

indophenol chromophore
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Phosphonium Hw fon < j;u J 2 for the MJ&J&

(\/[PGGG 1a]1[€FAP]: a stable proton shuttle for Li-NRR
v'NH; yield rate ~ 53 + 1 nmol s’ cm2 ; Faradaic efficiency ~ 69 + 1 %
in 20h under 19.5 bar N, & 0.5 bar H,

\. ¥ Continuous operation is successfully conducted in 3 days )
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Nitrogen reduction to ammonia at high efficiency and rates based on a ﬁ )
phosphonium proton shuttle = i -

Bryan H. R. SuryantoKarolina MatuszekJaecheol ChoiRebecca Y. HodgettsHoang-Long DuJacinta M. Bakkeréé)l.ir; S. M
KangPavel V. CherepanovAlexandr N. SimonovDouglas R. MacFarlane

Cyclic transformation of phosphonium IL (3P NMR) Electrochemical analysis

10 """"""""""""""""" 0 T T T T T
: Pososl* % H —~ 8- 1T
RZ\P-Q-_C,,—-R‘ E 6-1 = o g
* / \ o 1 <
| —a <! W 1 €
i S 2. A
B NH3 > 4 .é\
R, "5 0- = 7))
[Pe 5614] Ylide R \ - (- 1 qc)
2~p+-C—Rs ) e 8 ] ©
] J R/ H © ' +
3 -—— -4 -1 (=
-
Cc Regeneratfd rHA G!_J _6_: al qt)
[Peg6.14] — | —0.17 M C.H.OH ) -50' ~———E20_750 mV 2
. /R H S g 5 1 O  ]—e21_750mv ]
| Re—p+ R4 O 4 ——0.1M [Py, . JEFAP] ] ] —E22 750 mv
/ \ -10 ....................... -60 ¥ — T b T L T T T ¥
——— e 04 -02 00 02 04 06 08 0O 20 40 60 80 100 120
40 30 20 10 0 -10 H H
P NMR chemical shift (ppm) Ewe (V vs. ngl/j;; Time (min)
—— Li metal experiment (6 days) Reduction rate increased 10 times
50 - T v T - 25
P o 45_‘ =— LiBF, i
—— Li metal experiment (3 days) 40: - LiBF4 + CzHSOH - ~ 20
{ = LiBF4 + [Ps'G.G_M][eFAP] 1 = :
35 - " - 5 ]
- A ] @
——— After 20h of electrolysis a 30 . ” r o | \E/ 1.5+ 7
=< 25' 4 " 5 ..? 1
— ¥ >
bl/ 20- ¥ e il "8 1.04 “
=)
[Py sy Fresh electrolyte —% 15 ] 2 d -g 1
[Pseeu] 10- .' . -: (@) 0.5 -
'mpurlty\\ PPh, [eFAP] 5- 4 = u ...._ , il 1
100 ' 50 ' 0 ' 50 "~ 00 150  -200 0 y 0.0-
P NMR chemical shift (ppm) 0 25 LiIBF LiBF, + LiBF, +
Re (Z) (kQ) CHOOH [P, .. IJeFAP]
100 —r——7— —————— -100 10 —/————r—————"——"—7———7100 = T 100 bm—m—m—m—m—————————
- - e : 60+ | ‘ E_. (VvsLi"™)
c 80 o 80 o 5 80 80 E sl . @ -80 L ] U
(&) ) b 1 o ; = S
0 ° o ) = j & . g =7 (L o : B ;% 2 2
= o & 2 : Q  © 40{ | g =
5 60 g o 60 & E 60 60 9 - 06 T
-, o - [0} ; ] 8 g 1 x: =
o e - 8 B ; 3 £ 304 o 3
T 40 % o 40 5 40 40 2 © - o
[ © l = © <
RN REN ’ 3
= 20 ¢ [20¥ S 20 © 20 R | i 20 =
% [ e Z & Rl 10 Jod
¥ | : : | & 8 Total cell voltage
0+ v ety vy 0 0 Jrpmrprr ey -0 R R T S T A R N & R R NN T
1105 090 -0.75 -0.60 -045 -0.30 -015 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
0/+ Time (h) Time (h)
Ewe (V vs. Ligy,) N, pressure

Effects of potential at 20 bar N,  Effects of N, pressure at E = -0.75V vs. LiO/+ Long-term operation

app

ad |}

improved Phosphonium Proton Shuttie

New phosphonium-based ionic liquids
as proton shuttles for the NRR

Diffusion coefficients of Li* and phosphonium cations
in the electrolyte solution
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Lithium-mediated NRR performance
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