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Background fﬁﬂf

UDAN UNIVERSITY

“Life element”
€ Organic compound: R-NH,,R-NO,...
€ Inorganic compound: NH;, HNO;...

Nonpolar molecule

Bond dissociation energy: 944 kJ/mol
HOMO-LUMO energy gap: 10.82 eV
lonization potential: 15.6 eV

Accounts for 78.3 %
in the atmosphere € Biomatter: protein, Nucleic acid...

Haber-Bosch process

cat. Fe304/K20/AI203
N2 + 3H, » 2 NH3

200-500 atm, 500-600 °C

Dinitrogen activation by nitrogenase

S O j ’
/ ™ X X ‘%, / N \\‘\ /\ y. ~ "/, / ’‘,
ast Fe ,’Sll MO—O 2 S, ¢ F !
K
/Cys \ AN \ ( 34e/H+ /Cys \
/ Fe
RN

/Fe‘\s N=| OO s~ e\S/ —~ N=, COO~
S ANH (H) ANH
His His
Iron-Molybdenum cofactor
(FeMo-co)

a) M. Boudart, et al. Top. Catal. 1994, 1, 405; b) O. Einsle, et al. Science, 2011, 334, 940; c) L. C. Seefeldt, et al. Chem. Rev. 2014, 114, 4041. 4



Chemical N,R systems Kok
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Well-studied N,R catalysts

® N
H H i {
“N” _l Pr N t FI?E%/N
: N IPr P BU2 N
Phy N Ph, HIPT. 1l / |N =
I WP N . 7 SN—Mo—=N=N—Moc—
P/,,, 1w N — N—Mo—-N=N—Mo—N
E M. :‘ H|PT\/ “w, | / / \ /
ph, X i | BuN 4 F
2 2 \—N Zw N/ Bu,
M = Mo, W; X = CI,Br
Schrock, 2003 Nishibayashi, 2010 Peters, 2013
Chatt, 1972 Mo-based Mo-based Fe-based
Protonation of N ligand N,-to-NH; catalyst N,-to-NH; catalyst N,-to-NH; catalyst
Nishibayashi, 2019, 2023
Mo cat. Mo cat.
N + 6Sml, + 6H0 > 2 NH; el
/_ P BU2
THF, r. t. N
Reductant Proton source 60000 equiv./Mo R N)>_/""°‘C'
800 equiv./Mo-min"’ -p
BU2CI

» In-depth mechanism research
» Excellent chemical selectivity » Expensive reducing agents and proton sources

» High catalytic efficiency

a) J. C. Peters, et al. Faraday Discuss., 2023, 243, 450; b) Y. Nishibayashi, et al. Nature, 2019, 568, 536; ¢) Y. Nishibayashi, et al. Nat. Synth. 2023, 2, 635.



Electrolytic N, transformation fﬁﬂf
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Early progress towards electrochemical transformation of N, to NH;

Pickett, 1985 Cat
N, + 6H" + ©6e° > 2 NH;
Eapp, rt
(1 atm) Proton source Electrode
Step 1
| 2 HOTs l N p
\\ N
&2 S,
NHZ Ti"“Cl N N
Ph, N2 Ph, | i AN
Pi,,, | WP > N ph2
EP/W\Pj PIll ” _
th N2 th EP/ \Pj M= Fe, CO, Sn
Ph, OTS Ph, Ti1 MPc
w1
(OTs)W(NNH,), W2
_ Entry Catalyst Proton source FE\us TON
Hg-electrode/no acid |
step 2 1 Til H20 1.44 % 0.34
| 2 AlL DMAPH+  <1% 021
0.21 equiv. NH;
FePc HCI 9.73 % 12.56

» Strong HER side reaction » Low turnover number > Inefficient N,RR molecular catalysts

a) C. J. Pickett, et al. Nature, 1985, 317, 652; b) H. C. Yoon, et al. ACS Sustain Chem Eng, 2017, 5, 9662; c) L. Berben, et al. Chem Eur J, 2019, 25, 454; .
d) Y. Gao, et al. Chem Commun, 2019, 55, 14111.
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Electrocatalytic transformation of N, to NH, Kok
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Possible pathways of dinitrogen reduction to ammonia

Diazene Hydrazine

NH NH,

NH NH,
3\
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N, Qq‘,\ Hydrazido
Q;\\oq NH NH, NH, |
& r;1|-| _— r;1|-| I r;le NH, Nitrogenase
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» How to fix and activate nitrogen » How to provide electrons and protons
« Different metals and dinitrogen coordination modes * Reduction potential and pKa

» Stepwise or PCET



Electrocatalytic transformation of N, to NH,

TS :
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Peters, 2018
» Relevant cyclic voltammograms under N,

—‘@
P

-1.2 -1.4 -1.6 -1.8 -2 2.2
B Potential / V (vs Fc*'0)

a) J. C. Peters, et al. J. Am. Chem. Soc., 2018, 140, 6122. 9

|
I
SPrP—Fe R P12 : 5 x10°
1 . 10 equiv [Ph,NH,][OTf]
: ’ 1 equiv Cp'2Co*
I 2t 1 equiv Cp'2Co+
I f A with 10 equiv [Ph,NH,J[OTf]
Fe1 I ‘ac‘J' ' PSFe”, 1 equiv Cp*,Co”,
N, + [PhyNH,][OTf] > NH; I E 4 and 10 equiv [Ph,NH, J[OTf]
[Cp*,Co][BAI,] ! 3
(50 equiv.) 0.1 M NaBAr",, Et,0, -35 °C : 0571
2.1V vs Fc*0 I 0
I
equiv equiv ' e 12 14 16 18 - 2
entr equiv Cp*,Co* NH, FE (% ! e
y q P™2 NH, (per Fe) NH; (per Co) 9 IF= 1) : A Potential / V (vs Fc*'0)
1 0 2.6 0.3 24 5 | «10°
I 3r
3 1 4.0+ 0.6 40 %06 28 + 5 : 7| e—gret
I 2F P?Fe+ with 10 equiv [Ph,NH,J[OTf]
4 5 4006 08x0.1 253 < ,
I = 15} PSFe*, 1 equiv Cp*,Co®,
6 10 4%1 04%0.1 24 7 : s and 10 equiv [Ph,NH,J[OT1
= 1t
[ j }
. . &)
All CPE experiments were conducted by a glassy carbon plate working electrode, Ag*© I 0.5
reference couple isolated by a CoralPor frit, and a solid sodium auxiliary electrode. Working : 6
and auxiliary chambers were separated by a sintered glass frit. I
|
I
|



Electrocatalytic transformation of N, to NH,

TEVE:

UDAN UNIVERSITY

Exploring pKa effects

® o
| 80 T T
pip — 1 1 %e toNH,
iPrP—Fe M\ T2 ~
2 N | =
8 I *
Q. y
o 40 I
- i
NH,* 3 -
3 Fe1 ¥ t
* N 20 F & .
N2 + Cp*,Co + | > NH; x 4 g %etoH,
’\R Et,0, -78 °C . | _
1 3 5 7 _9
PK,
| |
%f;p) (‘;‘;ga}:) (plggciz) equivof NHy/Fe 9% yield of NHy/e- % yield of Hle-  total yield/e-
[+OMePhNH,][OTH] 8.8 9.6 15.7 0.04 + 0.01 02+0.1 89.1 £ 0.2 89.3
[PhNH,][OTH] 7.8 7.7 13.8 73+0.1 404 £ 05 48.6 £ 0.7 87.5
[26-MePhNH,][OTf] 6.8 7.3 13.2 8.6 £0.7 475+ 4.0 37.8+0.2 85.6
3
[Cp*(ex0-n*-CsMesH)Co][OTH] N/A 9.2 11.8
[2CIPhNH,][OTf] 5.6 5.6 6.0 10.7 £ 0.1 53.9 + 0.4 26.1+1.9 80.0
[25CIPhNH,][OTf] 4.3 4.0 5.0 13.9+0.7 775+ 38 105+ 1.1 87.7
3
[26-CIPhNH,][OTf] 34 3.4 3.4 13.8+00.9 76.7 £ 4.9 126+ 25 89.3
[246-CIPhNH,][OTH] 2.1 2.7 1.8 12.8 £ 0.4 709 £ 2.2 12.0+ 0.8 83.1
[Per-CIPANH,][OTH] 1.3 0.8 0.4 36+0.1 19.9 205 635+ 1.1 83.5

a) J. C. Peters, et al. J. Am. Chem. Soc., 2018, 140, 6122.
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Electrocatalytic transformation of N, to NH,

TS :

. FUDAN UNIVERSITY
Exploring pKa effects

» Anilinium triflate acids are unable to generate the

» Stoichiometric studies
N-H bonds of early stage N,RR intermediates

| i1 P;BFeN, + excess [>4CPhNH;][OTf] at -78 °C
+ I'LI
JPrP—Fe {Piqp;rz N, 26" 2’PrP—Fie-lll\P’Z:22
\2 —_— B.. -
By l( ml(

wPPr,

Pr, H* 2/PP—Fe '\ -
L 'Pr,
B""/ @/B'\/ Failed to generate P,BFeNNH,*
P;®FeNNH," P,BFeNNH P.BEeN.H
g 3 xtly
l %Q&
l ¥
N B -
JPrP—FehPT [Ph,NH,][OTf] P3;"FeNN
'Pr,
12Hy + ®/||3 ..... ,:\j C
*
@ P, [Cp*(exo-y*-CsMesH)Co][OTH]
P;EFeNN

a) J. C. Peters, et al. J. Am. Chem. Soc., 2018, 140, 6122. =



Electrocatalytic transformation of N, to NH,

» Kinetics and thermodynamics of protonation of Cp*,Co

TS
{G* (kcal mol~")}

A

Gealc {:1-5} Oy, /
(kcal mol™) H” s
IRC-B AF\N‘;‘.H"O' CF,

Re-A /(838 =2x107 EﬂlRC A
0.0 — ' H
—_ '] IRc-B

P— -
el
13 |

[ K'Ei
Keq =9 x 10
[+-OMephNH,][OTH] N . =

[2'6‘C'PhNH3][OTﬂ

a) J. C. Peters, et al. J. Am. Chem. Soc., 2018, 140, 6122.

Cp*,Co protonation and PCET to P;°FeN,H,

TEVE:

UDAN UNIVERSITY

» Calculated thermodynamics and kinetics of synchronous
PCET and asynchronous PCET progress

=zZ=="

-n\\PiPrz

JPrP—Fe Yy’
Pr,

P;BFeNNH,

&F

NH
Il
N
ZiPrP__Fe.unP'Prz
H+ | ’Pr2
- B-uu \ —
) ’
P;BFeNNH
[Cp*[exo-n*-CsMesH)Co][OT]
AG =-5.7 kcal mol™
PT
% o
H_,,o-"s\é
H " CFs
||
Cp,*Co .
- Z’PrP——l:IL AP
’Prz
AG =-13 kcal mol™ B \/
krey= 1M1 s
ET
[P;BFeNNH,][OT]

12



Electrocatalytic transformation of N, to NH,

< | CpH ligand is
@ relatively hydridic @
| H+ I
Co -< T Co
— \
<7 < =
~ - H
S &
N — Fe—N,H —-0.33V T H
’ % 5 ET is highly favored
; ) ) due to z-acidic CpH ligand
Y unlikely to \
be observed XN I T
>N Fe-N, (D]
I H* S I
Co >

protonation is slow due to B /‘_
reorganization at carbon A H

H

a) J. C. Peters, et al. Science, 2020, 369, 850.

Design of the PCET mediator: decouple the protonation and reduction

2+
D!
: +e
Co /H
@-—@"NMeQ EC=—121V
Co(Ill,NH)2*
1 + sub

+ H* |DK; =8.6

+ - sub*H

o

-
-
-
-
’
-

—€e

Co -

e

Co(llI,N)*

EE=-135V

TEVE:

UDAN UNIVERSITY

+

N BDFEN.H
@ 37 kcal / mol

Co /H
= <=
“© Co(ll,;NH)*
—H* | pKy=11.0

\

&

[
Co

e

Co(ll,N)
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Electrocatalytic transformation of N, to NH, {ﬁﬂf

UDAN UNIVERSITY

Peters, 2022

Pickett, 1985

Step 1
Co(lll,N)* P ,
[Cat]
N, + HOTs > NH; ‘ 2 HOTs l
DME
BDD(-)/Zn(+) NH, _|+
-1.35 V versus Fc*0 Ph, TZ Ehz |
P, | o Ph, N Ph,
EP/VIV\Pj P"l,, ” ‘\\‘P
Tandem PCET for N,RR electrocatalysis Ph, N, Ph, EP/VIV\ P]
g =3 "
: (OTs)W(NNH,), W2
co" /H > NH, T
;b <—>—N\Me Hg-electrode/no acid |
2 N,RR g
Co(ll,NH) * N step 2
o thermodynamic 0.21 equiv. NH3
PCET M efficiency
H+
— Peters, 2022
: ) ©—|+ M = W, Mo, Os, Fe ’ Co(lll,N)* (0.05 mM)
coll W1 (0.05 mM)
o - N, + 6H" + ©6e€ > 2 NH;
@,@—— 2 < N, DME, rt,
+ (1 atm) (100 equiv.) BDD
Co(llL.N) TsOH electrode

-1.35 V versus Fc*0
[ 445+*1.9% FE

11.3 * 0.5 equiv. ]

a) J. C. Peters, et al. Nature, 2022, 609, 71. 14



Electrocatalytic transformation of N, to NH,

TS :

. e . . FUDAN UNIVERSITY
Mechanistic insights into tandem PCET N,RR
Studies of (OTS)W(NNH,)* Studies of (OTs)W(NH)*
d
a b c i3
35. 5. T“2 ] 2 equiv. Co(lI,N) 35
[ = Col(lll,N)*+ (TsE))W(NNHZ)* + TsOH — Co(lll,NH)?* + (TSO)W(NNH,)* Ph, INI Ph 10 equiv. TsOH — (Ng)W(N) + TsOH
......... USO)W(NNH2)+ + TsOH 1 Co(lll,N)* P,, > NH, (+H,) 1 — Co(lll,N)* + (NJW(N) + TsOH
o5 | —— (TSO)W(NNH,) 5 CollllNH)? / W ~, THF VAP Y e (NaJW(N) + 1 equiv. TSOH
—— Co(lll,N)* + TsOH B, B 0°C,4h 39% — NJW(N)
|| o— TsOH ] OTS =
< 15 = < 4
= B (TSO)W(NNH,)
5 - 0
-5 r T r T " -1 i : T T - T - T )
-0.5 -0.9 -1.3 -1.7 -2.1 -2.5 -0.6 -1.0 1.4 -1 .8 44 42 40 38 36 34 32 30 28 26 -0 5 -1.0 -1.5 -2.0 -2.5
E versus Fc*/0 (V) E versus Fc*/0 (V) 3P NMR § (ppm) E versus Fc*/0 (V)
Distal pathway: -N PCET _
al pathway No=WO—N, ——2 > TsO-WV=NNH,* Tso-WY=N* —ET L o0-wivan
w1 2 HOTs ;
NH, 2N, NH, HOTs
2ET
PCET
TsO-W'—NH,* <PCTS 160 Wi—NH, «~—— TsO-W!'—NH," «<——— TsO-WV=NH"

a) J. C. Peters, et al. Nature, 2022, 609, 71. 15



Electrocatalytic transformation of N, to NH, fﬁﬂf

UDAN UNIVERSITY

Electrocatalytic N,RR using reported molecular catalysts

Co(lll,N)* (0.05 mM)
[Cat] (0.05 mM)

N, +  HOTs > NH; 0
DME N tBi%/N
, i Ph, N2 Ph N, P'Bu P
(1 atm) (100 equiv.) BDD(-)/Zn(+) y Puf, o 2 PhaMeP,, I \PMePh |/ 2 NS
-1.35 V versus Fc E /Mo\ j Z__"N—Mo-N=N—Mo—N /
Ph r!l oh PhaMeP™” | \PMePh2 d V| >
2 2 2 ¢ P
Buzlz' N/// [Buz
catalyst equiv NH; /Cat NH; FE (%)
Mo1 Mo2
W1 11305 445 + 1.9 © Mo3
Mol 13 51 N, N,
Mo2 14 55 | P ,. | pip
PBu, 2'PrP 05\ iPrZ 2PrP—_Fe\‘ K
Mo3 8.7 34 / 2
Z__"N—Mo—I
Mo4 <0.1 <10 /|
P
Os1 5.6 22 ‘Bu, |
Fe3 45 18
Mo4 Os1 Fe3 (E =B)
Fe4 15 45 Fe4 (E = Si)

a) J. C. Peters, et al. Nature, 2022, 609, 71. 16



Electrocatalytic transformation of N, to NH

Peters, 2023

The initial steps
Il
X

N
|/PtBU2 2e,2N, |/PtBU2
7 “N—Mo-X 2 X » < N—Mo-X
/| |
P

EO(MO 171l ) <170V
tBUZX

- Mo=——N=N /M{)
/ B BU2P r!J
P X uz
tBUz I
B /)
Putative N, Splitting Intermediate
\_
Brt
P'Bu P
o ey rou
Z_>N—Mo-Br ’ 7 _SN—Mo
/| N, / “Br
'BuPBr f P
2 Electrochemical Bu
PNPMoBr; PNPMo(N)I
Mo5 Mo6

Cannot be promoted by Cobalt mediator

a) J. C. Peters, et al. ACS Catal. 2023, 13, 72.

J

NH; generation

TEVE:

UDAN UNIVERSITY

» Replacing the proton source to enable electrocatalytic

cat. [[PNP)Mols]

NH;
cat. Co(lll,N)*
DME, -1.35V <0.1 equiv.
FE = 0%
H,0 - HOL 4
N, + » BDD(-), rt cat. [(PNP)MoBrs]
0 > NH,3
LiNTY, cat. Co(lll,N) * _
THF, -1.89 V 0.7 equiv.
FE = 3%
(1 atm) (100 equiv.)
cat. [[PNP)MoBr;]
NH;
THF, -1.89 V 0.8 equiv.
FE = 3%
—or
SN
cat. [(PNP)MoBrs]
N, + | NH,
b THF, rt |
H 100 mM LiNTf, 9.4 £ 0.3 equiv.
FE=34+1%
(1 atm) (100 equiv.) BDD(-)/GC(+)

-1.89V vs Fc%*, 10 h

17



Electrocatalytic transformation of N, to NH,

Peters, 2025

Nishibayshi, 2019 HQ/\\O

. - \
Ny +6 L IZSm — Mo > 2NH3+3 LnIQSml /Sm'“IZLn
1 bar >90% FE. o~
HO\) 0.3 equiv/Sm \_OH
L = solvent thermodynamic sink
75 acid-design
-1.45V vs Fc*0— H
'_] H NS

smi--0”
\ D Meo _N

R I\Me
J

LT pK, ~10
Smi; (R =alkyl)
i LutHNTf, (pK5 9.5)

Sml redox-inactive
Miz |~ | on deprotonation noncoordinating

N, + 6 baseH™ —' Mo - 2 NHj + 6 base
1 bar up to 82% F.E.
TONg, up to 25

a) J. C. Peters, et al. J. Am. Chem. Soc. 2025, 147, 4695.

TEVE:

UDAN UNIVERSITY

[Mo] (0.46 mM, 2.3 umol)

Sml; (8 equiv. 3.7 mM) PNPMoBr;
"Hep,NI (3.7 mM) Mo5
LutHNTf, (37 mM)
N NH
2 -1.45 V vs. Fc*0 3
"Buy,NNTT, (0.1 M)
Mo6
L equiv 0 -
entry variation NH, (per Mo) NH; FE (%0) e/Sm
[Mo] = PNPMoBr,
1 None 16.9 £ 0.3 82+2 6.3%0.1
2 No Sm 0.5 20
3 Gdl, instead of Sml, 2.0 27
4 + 1 equiv. H,0 per Sm 2.4 42 0.8
5 CoINTf, (pKa = 10.4) 2.8 35 1.0
[Mo] = PNPMo(N)I
6 None 16.7 82 6.3
7 No Sm 1.3 33
8 2 equiv. Sm 125 75 19

18



Electrocatalytic transformation of N, to NH,

TS :

FUDAN UNIVERSITY

» CVs under the standard conditions with PNPMoBr; recorded
after passage of 0.1-1.3 C

» CV of PNPMo(N)I in the presence of LUutHNTf,

Induction period corresponds to Sm-mediated reduction of the PNPMoBr,
to form PNPMo(N)I

I
I
I
I
I
Br I
PBu, Eapp =-1.45V P'Bu, I — PNPMo(N)! + LutHNTf, 1=~ MoV(N)/Mo"(NH)- ;
) Sml, |||/ | LUtHNTT, ; :
Z__"N—Mo-Br —— _N—Mo_ I : :
P/l - SmBryl5.p, / | I . — w :
I : :
tBUZBr tBuz e Y A 4 !
| = .
PNPMoBr, PNPMo(N)I | = MoN,R ! .
Mo5 Mo6 I k] b 2 b LutiLutH’
I =
Driven by Sm-Br bond formation I L
Ei
o0 I 3
A : B I
; |
I - S
3 -1.35 -1.05 -0.75
| 20 L— N I N " . L i
5 - 7 — . | -1.8 -1.5 -1.2 -0.9
g g = MoVV(N)1 1 Potential (V vs Fc*0)
= = ‘7 | Smlll/ll :
-15 |
— Sml3 | IV +
‘ PNPMoBrs PNPMo™ (N)I + LutH
0 0.5 — PNPMo(N) 1
Charge (C) 17 : , i . | 1
-25 = : ' i P d g r g AG®p1/2.2 kecal mol
21 1.8 15 1.2 0.9 0.6 | PT/&-
138 15 1.2 09 06 - \Y; +
Potential (V vs Fc*0) Potential (V vs Fc*) : — PNPMo (N H )| + Lut
I
I
I

a) J. C. Peters, et al. J. Am. Chem. Soc. 2025, 147, 4695. 19



Electrocatalytic transformation of N, to NH,

TS :

FUDAN UNIVERSITY

> Proposed role of Sm'"!'redox in the mediation of
selective Mo-catalyzed N,R

» Comparison of the overpotential, FE, and yield rate of
representative eN,Rs from the literature

0 20 40 60 80 100 120
Axis Title

a) J. C. Peters, et al. J. Am. Chem. Soc. 2025, 147, 4695. 20

[
[
[
[
[
[
| 21
i NH; N | log(pmol NH; cm2s™)
Mo™N I
2H*, 2e” N\ PKa ~9 | ©
NH; 15 Ny H : n.r. 1 5
Mo'VN i IVNH* -20
[ 3
2H", 2e” K, ~9 LR ot . at ~1 bar unless otherwise noted
I,N H* |
’ |\2/|0“1NH MOIVNH"’ S 1l ] : COMNZR »
i m"  Sm i SmMoN,R
% e “ O N\eA | -50 * .
-1.6V -1.45V ~ : .
;ompeting acid reduction I =
direct electron transfer mediated electron transfer : \Z{_ 80 L
.................................................................... I (D g
® S lll Sm”l : g | - L|N2R
ek oSz AN Hog Sm'e | (20 bar)
I ]
—— <7 el —= el | 410 | O O
)l\ ).\ M M I (o)
: FeN,R
: o * this work
Inner-sphere process driven by the azaphilicity of Sm : 140 A N S S
[
[
[
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Electrocatalytic transformation of N, to N,H,

TS :

FUDAN UNIVERSITY

Dey, 2020
» DPV and CV of Nil in THF solution
C NS > 3
2 n-BuyN*
Ni1 (1 mM) NoH = = DPV-Ni3Sg-N, — — DPV-Ni;Sg-Ar
N, +  PhOH > oHy o TR e PAIIEE
2 -2.35 V versus FC+/0 CV ngSs Nz CV NI353 Ar
2 20 V 240V _ -7

(1 atm) (100 equiv.) THF 10 % FE
7’—‘—\ WE RE CE

]
..h__-—'-_-‘

Current (mA)

} E
& /"/‘ « gfgi’,’, B [] Agwire | VT_,glassy carbon
plate I / e T T T
U — \\\I : -1.8 2.1 2.4 2.7
( E=-235V :b, ¥ ’ Potential (V) vs Fc*/Fc
.r‘r __vs. Fo/Fe+ bl o glass frit
T phon
N N2H4 _ )
Working chamber Counter chamber NZRR reqUIreS the all Nl(l) State
(NizSg + THF + TBAPFg  ( THF + TBAPFg)
+ PhOH)

a) A. Dey, et al. J. Am. Chem. Soc. 2020, 142, 17312. =



Electrocatalytic transformation of N, to N,H, fﬁﬂf

Dey, 2025 SUDAN  UNIVERSITY

2-
Q | » Possible N, binding modes to Nil and Ni2 which
@ . offer different access of the proton source to
Nl/ *Ni” \NI

f : 2 Et,;N*

proximal and distal nitrogen atoms

; N,H, OH NH3

Ni2 (1 mM)
N, + PhOH > NH; 3.0 equiv./Ni
-2.35 V versus Fc*0 83.4% FE 4/ \ _}
(1 atm) (100 equiv.) CH3CN, 2 h Ni——N=N——-~Nii |T|
100 N
mH, Cv-Ar ¥ \\ J \\ J
Ni

Faradaic Yield (%)
Current (HA)

Potential (V) vs Fc/° -0.8 13 1.8 23
Potential (V) vs Fc*/®

-1.9 -2.25 -2.35 < Nl/s~ 'S\N|> @ ,/S\ ,S\NI
s’

« Highly selective ammonia-producing catalyst
* N,RR requires further reduction below the all Ni(l) state

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
80 1 ® NH, DPV-Ar -1-75-" D:\:-VNI :
TN, L |
. : — 49A—— —— 56A——
1 .
40 - I Ni1 Ni2
-1.72v -1.88V [
t ! 2-
20 : : : Q _l
I
., Il |
I
I
I
I
I
I
I
I

a) A. Dey, et al. J. Am. Chem. Soc. 2025, 147, 32341. 23
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Summary and Outlook

TEVE:
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Summary: Electrochemical transformation of N, using molecular catalysts

N, to NH,
P
Ph2 N2 th 2PrP-—Fe wit IPI'Z
PI[," I ‘\\\P Pr2
Ep/"l"\P:l B 'u(
Ph, N, Ph,

» High Faradaic efficiency
» Low overpotential

@

PtBU2

Z_“N— Mo—Br

Br

» Low NH; production rate
» Expensive proton sources
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Very limited example

J

Tandem catalysis via electrocatalytic PCET (ePCET)
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Summary and Outlook

Outlook
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» Ammonia synthesis using hydrogen or water as the sustainable proton source
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» Develop new catalysts and PCET reagents
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» Coupling with hydrogen oxidation, and using proton shuttles to transport protons

a) Y. Nishibayashi, et al. Nature, 2019, 568, 536; b) D. R. MacFarlane, et al. Science, 2021, 372, 1187. 26
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> Electocatalytic conversion from dinitrogen to high-value nitrogen-containing organic compounds

Schneider, 2019 Mézailles, 2021
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» Develop new carbon-installing reagents that are compatible with acidic and reductive conditions
» Design of systems using hemilabile ligands capable of mild N, activation pathways

a) S. Schneider, et al. Angew. Chem., Int. Ed. 2019, 58, 830; b) N. Mé&ailles, et al. Angew. Chem., Int. Ed. 2021, 60, 12242. 27
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