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ABSTRACT: Molecular catalysts can promote ammonia oxidation,
providing mechanistic insights into the electrochemical N, cycle for a
carbon-free fuel economy. We report the ammonia oxidation activity of
carbon anodes functionalized with the oligomer {[Ru"(bda-k-N*0?)(4,4'-
bpy)]i0(4,4"-bpy)}, Rubda-10, where bda is [2,2'-bipyridine]-6,6'-
dicarboxylate and 4,4'-bpy is 4,4'-bipyridine. Electrocatalytic studies in
propylene carbonate demonstrate that the Ru-based hybrid anode used in
a 3-electrode configuration transforms NH; to N, and H, in a 1:3 ratio
with near-unity faradaic efficiency at an applied potential of 0.1 V vs
Fc*/, reaching turnover numbers of 7500. X-ray absorption spectroscopic
analysis after bulk electrolysis confirms the molecular integrity of the
catalyst. Based on computational studies together with electrochemical
evidence, ammonia nucleophilic attack is proposed as the primary
pathway that leads to critical N—N bond formation.

6e i

04 00 04
E (V vs. Fc*/Fc)

mmonia can be liquified at room temperature under 10 engineering. Therefore, it is paramount to develop the
bar pressure or at —33 °C in atmospheric pressure, chemistry for anchoring these molecular catalysts onto
making it an attractive hydrogen carrier with an already conductive surfaces, an endeavor which up to now has not

- R 12 - ) . .
existing global distribution infrastructure.”~ Furthermore, it is a been extensively pursued. Only one example in the literature
promising carbon-fres . renewable fuel with a high energy reports a molecular complex for AO anchored on the surface of
density for fuel cells.”" For the latter, efficient and selective an ITO electrode although it displays limited activity toward

electrochemical ammonia oxidation (AO) to N, at ambient
temperature and pressure is imperative. AO, like water
oxidation, requires the management of multiple electrons and
protons to form a bond between two heteroatoms resulting in
a gaseous product. The formal potential for AO to N, in water
is 0.092 V vs NHE at pH 0, over 1 V milder than that of water
oxidation (eq 1).”

AO and no product analysis is reported (Table 1, entry 4)."
For this reason, we decided to focus our efforts on anchoring
molecular complexes for AO catalysis onto conductive surfaces
in order to uncover the key parameters that govern
heterogeneous AO catalysis with molecular complexes.

We previously reported a Ru-bda based oligomer
{[Ru"(bda-x-N*0?)(4,4'-bpy)],0(4,4'-bpy)}, Rubda-10,
N, + 6e” + 6H' = 2NH, Yvhere/ bfia i§ LZ,Z’-bipyridine]-6,6’-dicarb0xylate and 4,4’-bpy

is 4,4'-bipyridine), that when anchored to carbon nanotubes

E® = +0.092 V vs. NHE (pH = 0) (1) displays a high activity for water oxidation (255 mA cm™ at

1.45 V vs NHE at pH 7).">'¢ An integral part of its superior
The similarities have spurred initial investigations to

repurpose molecular water oxidation catalysts for AO.
Molecular complexes that have shown activity as AO
electrocatalysts are mainly based on Ru, Fe, and Cu metals
and have been reported in the homogeneous phase. Table 1
gathers their relevant catalytic parameters.””'* From a
technological perspective it is important to use solid-state
anodes for catalytic AO, since it greatly simplifies device
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Table 1. Key Parameters Describing Molecular Catalyst Performance for the Electrocatalytic Oxidation of Ammonia
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tw, this work. Ligand abbreviations used: tpy, terpyridine; dmabpy, 4,4’-bis(dimethylamino)-2,2'-bipyridine; bpy, 2,2'-bipyridine; py, pyridine; bda,

hdz, hydrazine pathway; ntd, nitride pathway. dKey:

[2,2'-bipyridine]-6,6'-dicarboxylate); isq, isoquinoline; chp, 6-chloro-2-hydroxypyridinate; TfO™, triflate; naph-tpy, 4'(2-naphthyl)-2,2":6’,2"-tpy; Me,N-bpy, 4,4'-dimethylamino-2,2’-bipyridine; tda,

2,2/:6',2"-terpyridine-6,6"’-dicarboxylate; TPA, tris(2-pyridylmethyl)amine; bpyPy,Me, 6-(1,1-di(pyridin-2-yl)ethyl)-2,2’-bipyridine; iPr,NNF, diketiminato ligand.
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performance compared to other molecular water oxidation
catalysts immobilized on conductive surfaces is due to the high
stability stemming from multiple CH—7 interactions between
the catalysts and the surface. Here we use a similar anchoring
strategy and show that the immobilized molecular catalyst
promotes heterogeneous NHj; oxidation to N, with unprece-
dented FE (close to 100%) and TONs (7500).

We have anchored the Rubda-10 oligomer onto carbon
paper (CP) electrodes forming Rubda-10@CP (Figure 1).

Figure 1. Drawn structure of the Rubda-10 oligomer anchored on
CP to form Rubda-10@CP. The CH—rx interactions are high-
lighted.

These molecular electrodes were characterized spectroscopi-
cally by X-ray absorption near edge spectroscopy (XANES)
and extended X-ray absorption fine structure (EXAFS)
spectroscopy (Figure 2, Figures S3 and S4, and Tables S1—
S3). The EXAFS spectra obtained for Rubda-10 as a powder
and anchored as Rubda-10@CP are very similar with four long
(~2.1 A) and two short (1.9 A) bonding distances (Table S2)
in agreement with a tetragonally distorted octahedral type of
symmetry. This, together with the electrochemical experi-
ments, indicates that the anchored oligomer maintains its
structure on the graphitic surface. The XANES spectra of
Rubda-10 powder and Rubda-10@CP differ with half edge
values of 22127.5 and 22128.5 eV that correspond to oxidation
states of 2 and 2.6, respectively. The latter indicates that 60%
of the original Ru(II) centers have been oxidized to Ru(IIl) by
aerial oxygen. As described previously,'” this is due to the
exposure of Ru centers throughout the monolayer to oxygen,
unlike the bulky oligomeric powder where only superficial Ru
centers have access to aerial oxygen,'® and is corroborated by
an increase of 90—120 mV in the average open circuit potential
of Rubda-10@CP electrodes left in air for 3 weeks (Table S4).

Cyclic voltammetry (CV) of Rubda-10@CP (T'y, = 0.42
nmol cm™?) in aqueous solution at pH 7 shows two redox
events at E; , = 0.69 and 0.87 V vs NHE (Figure 3a, solid line)
corresponding to the formal potentials of the Ru™" and
Ru™"™ couples, respectively, similar to those found for the
monomer [Ru(bda)(py),] (0.73 and 0.89 V vs NHE,
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Figure 2. (a) Normalized Ru K-edge XANES for Rubda-10
complex in powder form (black),’® Rubda-10@CP (red), after
CPE for 1 min (cyan), 1 h (magenta), and 2 h (blue), together
with [Rum((tda)(py)z]+ as a reference complex'” (green) and
RuO, (brown). The Rubda-10 complex was diluted with boron
nitride pressed between a 3 ym polypropylene film and mylar tape
while the hybrid complexes were pressed between two kapton
tapes. All complexes were measured at 20 K in a continuous
helium flow cryostat at ambient pressure and recorded in
fluorescence mode using a 13-element energy resolving Ge
detector (see Supporting Information for details). (Inset) Plot of
half peak k-edge energy vs oxidation state. The gray square
corresponds to the half edge energy of ruthenium metal powder.
(b) Fourier transforms of k*-weighted Ru EXAFS of Rubda-10
(black), Rubda-10@CP (red), after BE for 1 min (cyan), 1 h
(magenta), 2 h (blue) and RuO, (brown). (Inset) Back-Fourier
transformed experimental (solid lines) and fitted (dashed lines)
I?[x(k)] of Ru complexes together with RuO,. Experimental
spectra were calculated for k values of 2.0—13.3 A7
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Figure 3. (a) Cyclic voltammograms of Rubdal0@CP (I'y,= 0.42
nmol cm™?) in the absence (solid) and presence (dashed) of 0.8 M
NH; at a scan rate of 100 mV s™! in a 0.1 M phosphate buffer
solution (u= 0.1 M). (b) Bulk electrolysis of Rubda-10@CP (red,
Iz, = 0.27 nmol cm™?) and CP (black) in the presence of 0.4 M
NH; at an E,,, = 0.7 V vs NHE over 1200 s. (c) Cyclic
voltammograms of Rubda-10@CP (I, = 0.33 nmol cm™2) in the
absence (solid) and presence (dashed) of 20 mM NH; at a scan
rate of 100 mV s™' in PC containing 0.2 M TBAPF,. (d) Bulk
electrolysis of Rubda-10@CP (red, 'y, = 0.24 nmol cm™2) and CP
(black) in the presence of 12 mM NH; in PC containing 0.2 M
TBAPF, at an E,, = 0.1 V vs Fc*/* over 1.1 h.

respectively) in homogeneous phase under similar condi-
tions." In the presence of 0.8 M NH, the pH shifts to 10.0,
and an electrocatalytic current takes off at 0.62 V vs NHE (j =
0.1 mA/cm?) at the foot of the Ru™" couple (Figure 3a,
dashed line) which implies an overpotential of 1.1 V (E° =
—0.50 V vs NHE at pH = 10). The electrocatalytic rate
constant for the oxidation of ammonia, k., was calculated
using Shain’s equation.'” " A k,y, of 16 s™ was obtained using
scan rates from 40 to 150 mV s~ (Figures S6 and S7). This is
a lower limit value since the electrocatalytic response is not
strictly in the “S-shaped” kinetic regime.””

The CV in propylene carbonate (PC) of Rubda-10@CP
(Try = 0.33 nmol cm™?, Figure 3c, solid line) using 0.2 M
TBAPEF; as supporting electrolyte shows broad and overlapped
waves associated with the Ru™™ and Ru™"™ couples (E, n=
0.1 V vs Fc+/°). In the presence of 20 mM ammonia, an
electrocatalytic current takes off at the foot of the Ru™!
couple (Figure 3c, dashed line). The replacement of 0.2 M
TBAPF4 by 0.2 M NH,PF as supporting electrolyte gives a
practically identical response (Figure S16). In propylene
carbonate, the formal potential for NH; oxidation has not

been established although it has been measured in acetoni-
trile”® and tetrahydrofuran (THF).>* Using that of THF (E° =
—0.81 V vs Fc/?) gives an overpotential of 0.83 V (j = 0.1 mA
cm™2 at 0.02 V vs Fc™/%). A k,, of 4 s™' was obtained using
Shain’s equation with scan rates of 40—200 mV s~ (Figures
$10 and S11). The catalytic current changes linearly with NH;
concentration up to 17 mM after which additional NH; does
not change the current intensity, indicating electrocatalytic
saturation (Figure S12).

To spectroscopically characterize the Rubda-10 oligomer
anchored on a graphitic surface, we deposited it onto a
transparent ITO electrode coated with a graphite layer of %10
nm thickness. The electrode was soaked for 24 h in a 0.2 mM
solution of Rubda-10 in trifluoroethanol, generating Rubda-
10@ITO-g (I'y, = 0.18 nmol cm™2). The CVs and UV—vis
analysis of this material were carried out in the presence of 1.8
mM ammonia in PC with 0.2 M TBAPF (Figure S17). At this
low concentration of NH;, the Ru™™ and Ru"™/™ waves shift
by ~#50 mV to more positive potentials compared to the same
couples in the absence of NHj. Further, under this low
concentration of NHj;, no catalytic current is observed.
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Figure 4. Computed free-energy changes (kcal mol™) and redox potentials (V vs Fc*’’) for the proposed ammonia oxidation mechanism by
[Ru"(bda-x-N*0?)(py),]. For simplicity, axial ligands are excluded in the scheme. The calculations consider the monomer unit of the
oligomer replacing the bridging ligand by the terminal pyridine ligand. (Inset) Computed transition state structure for the N—N bond
formation step (dashed blue line) by [Ru"'(N)(bda-k-N?0?)(py),]* species undergoing an ammonia nucleophilic attack (ANA). For clarity,

formal oxidation states are shown for the ruthenium center.

However, when the ammonia concentration is increased 100
times to 0.18 M, a catalytic current emerges at & —0.05 V vs
Fc*’?. Under the same conditions, an increase of absorbance
between 350 and 550 nm is observed in the presence of NHj;
as compared to the same modified electrode with no ammonia
present. These results together with the synthetic chemistry
related to NH; substitution that occur in the [Ru(tda-x-
N30(py,)] complex,'* suggest NH; coordination to the Ru
center concomitant with decoordination of one of the bda-
carboxylate groups, as indicated in eq 2 below and supported
by theoretical calculations.

{[Ru"(bda-k-N>0?)(4, 4-bpy)],, (4, 4-bpy)} + NH,

= {[Ru"(bda-x-N"0)(NH,)(4, 4-bpy) (4, 4-bpy))

2)

Bulk electrolysis experiments were carried out in an airtight
cell under argon in order to monitor catalytic longevity and
product formation. In aqueous solution (0.1 M phosphate
buffer) containing 0.4 M NH; (pH = 9.7), bulk electrolysis was
carried out at an E,,, = 0.7 V vs NHE for 1200 s using Rubda-
10@CP (I'g,= 0.27 nmol cm™?) as the working electrode. A |
vs. t plot (Figure 3b) shows that over time the intensity
decreases from 560 to 50 A cm™2 During this period 0.31 C
are passed (3.2 X 107 moles of electrons) giving a TON of
1990 assuming 100% FE. CVs of the working electrode after
bulk electrolysis show little evidence of the Rubda-10 oligomer
remaining at the electrodes and points to catalyst deanchoring
during catalytic operation (Figure S8). In contrast, bulk
electrolysis carried out in PC shows high electrode stability.
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Bulk electrolysis of Rubda-10@CP (I',= 0.24 nmol cm™) at
an E,,, =0.1 Vs Fc*/® in an airtight cell in the presence of 12
mM NH; (Figure 3d) over 1.1 h gives a charge of 1.04 C. GC
analysis of the products revealed that 1.33 X 107 mol of H,
and 4.85 X 107" mol of N, were produced in a 2.7:1 ratio with
near-unity FE and with a calculated TON of 7500 (Figure
S14).

The evolution of three working electrodes Rubda-10@CP
(I'gy= 0.29-0.34 mol cm™) during bulk electrolysis at E,,, =
0.1 V vs Fc*/® was monitored ex-situ via cyclic voltammetry
and XAS after 1 min (TON = 80), 1 h (TON = 1200),and 2 h
(TON = 1760). There is little to no change in the EXAFS
spectra (Figure 2, Tables S1—S3 and Figures S3 and S4)
compared to the one before bulk electrolysis, indicating that
the Rubda-10 catalyst maintains its molecular integrity during
catalysis. In addition, no Ru metal or RuO, was detected
(Figure 2b). Cyclic voltammetry of the electrode after three
hours of bulk electrolysis shows no evidence of new species
being formed, further supporting the catalyst maintains its
molecular identity. However, a decrease in the intensity of the
catalytic wave is observed that suggests partial deanchoring of
the oligomer over time (Figure S15).

Density functional theory (DFT) calculations were carried
out at the MNIS level of theory” in order to gain further
insight at a molecular level of the AO catalytic cycle associated
with the anchored Rubda-10 complex and complement the
experimental data (Figure 4 and Figure S18). For computa-
tional efficiency we adopted the monomer [Ru"(bda-x-
N?0?)(py),), labeled Rubda, to model the NH; oxidation
catalytic cycle.
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The proposed mechanism starts with the binding of NH; to
Rubda forming [Ru"(bda-k-N?0)(NH;)(py),], which is
slightly favored on thermodynamic grounds (AG = —0.4 kcal
mol™"). This substantiates the experimental results described
in eq 2, where one of the carboxylates of the bda ligand
decoordinates from the metal center stabilizing a hydrogen
bonding interaction with the bound ammonia ligand. Next, a
single electron transfer (—0.01 V vs FEc™°) generates
[Ru"(bda-x-N*0*)(NH;)(py),]*. This species has a coordi-
nation number of 6.5, with 6 Ru—N/O bonding distances and
one Ru—O contact (2.48 A) in agreement with the 18-electron
rule. The CN6 homologue is only 3.8 kcal mol™" higher in
energy and features H-bonds between the bound Ru-NH; and
the decoordinated carboxylate (dy.o = 2.01 A). From this
point, three consecutive proton-coupled electron transfer
(PCET) steps give access to the reactive Ru""—N intermediate
via the formation of the corresponding amide (Ru'Y—NH,)
and imide (Ru'—NH) species before the rate limiting N—N
bond formation occurs. These intermediates are not detected
experimentally since only a large electrocatalytic wave is
observed at the foot of the Ru"™" redox couple (Figure 3c).
This is consistent with the thermodynamics obtained by
theoretical calculations for 3 or 4 coupled one-step processes
as indicated with red arrows in the computed catalytic cycle
shown in Figure 4. The following step, N—N bond formation
to generate the hydrazido species [Ru'(Hbda-k-N*0') (N-
NH,)(py),]* via ammonia nucleophilic attack (ANA), is
thermodynamically downhill by 25.1 kcal mol™' and
constitutes the rate-determining chemical step with an
activation energy of 10.7 kcal mol™". The transition state for
this step is pictured in the center of the catalytic cycle where
the N—N bond formation is highlighted with dashed blue line.
The pathway for N—N bond formation involving the
dimerization of two Ru"—N entities (I2N) was not considered
given the limited rotational and translational mobility of the
Rubda-10 oligomer on the surface of the electrode. Addition-
ally, the molecular rigidity of the oligomer and the long
distance among consecutive Ru centers (11.4 A) precludes
intramolecular N—N bond formation. After the N—N bond
formation via ANA, a series of highly favorable PCET and/or
deprotonation steps lead to N, evolution, completing the
catalytic cycle.

Up to now, the molecular transition metal complexes used to
oxidize ammonia to nitrogen employ nonenvironmentally
friendly organic solvents such as MeCN and THF and their
key parameters are displayed in Table 1. Initial work in the
field was carried out with [Ru(tpy)(dmabpy)(L)]** (where
dmabpy is 4,4'-bis(dimethylamino)-2,2’-bipyridine and L =
H,O or NHj;), [Ru(bda)(isq),] and [Ru(tda)(py),] complexes
that are well-known water oxidation catalysts, although their
performance as AO catalysts are rather poor, givin§ TONs in
the range of 4—7 (Table 1, entries 1, 2, and 5).%7'" However,
this initial work has generated a rich chemistry related to Ru—
NH; containing complexes including the characterization of
potential reaction intermediates involved in the catalytic cycle.
The field has been appreciably enriched with the recent
contributions reporting two Fe complexes based on the N4
polypyridyl type of ligands [Fe(TPA)(NH,),]**” and
[ (bpyPy,Me)Fe(MeCN),]”'? (Table 1, entries 6—7) reaching
TONS of 150, with relatively high E,, in the range of 0.85 to
1.10 V vs Fc*/°, which implies an overpotential of 1.6 to 1.9
V for AO (E° = —0.81 V vs Fc"/?). Cu complexes with f-
diketiminato'”> and 2-[(2,2-bipyridin)-6-yl]propan-2-ol li-

gands®® have also been reported to be active for AO. The
former has been shown to oxidize NH; to N, in acetonitrile at
an E,,, = 0.0 Vivs Fc*/® with a TON of 18.2 over 26.5 h (Table
1, entry 9)."

From the materials perspective, state-of-the-art electro-
catalysts for AO are based on Pt metal at pH 14, typically
operating at overpotentials in the range of 0.4 and 0.6 V.*" In
contrast, Ru metal has little to no activity for N, evolution
from NH; oxidation, due to the formation of inactive N
species on the surface.”® However, a mix of RuO, and TiO, on
a Ti electrode has been shown to promote AO in phosphate
buffer with 12 mM NH; at pH 12.2, with an overpotentials of
approximately 1.66 V.*

In conclusion, we report the first example of molecular
complex anchored on a conductive surface with proven
electrocatalytic activity for AO to N,. The oligomeric Ru
complex Rubda-10, anchored on carbon paper via CH—x
interactions, Rubda-10@CP, presents an unprecedented
robustness under relatively mild conditions with an E,, =
0.1 V vs Fc*° displaying a sustained current density of 140
ptA/cm2 for over 1 h for AO. This implies 7500 TONSs, ~50
times higher than the best molecular catalyst reported to date.
Importantly the FE is close to 100% generating N, and H, with
a ratio close to 1:3 using PC as an environmentally friendly
solvent. From a mechanistic perspective, we show the
immobilized Ru complex initially coordinates NH; followed
by a series of PCET steps before N—N bond formation occurs
as evidenced by cyclic voltammetry and supported by
theoretical calculations. This constitutes the first unambiguous
example of an ANA mechanism given the restricted rotational
and translation mobility of the Ru centers in this hybrid
material. Finally, we show that the hybrid material, Rubda-
10@CP, can also work in aqueous conditions at pH 10 giving
1990 TONSs at an E_,, of 0.7 V vs NHE over 1200 s, although
its stability is poor.

Outstanding challenges still remain for molecular hybrid
materials as AO catalysts, including the need to significantly
increased their robustness during catalytic turnover using
environmentally friendly solvents such as PC** and water and
the need to operate the AO catalysis at a substantially lower
overpotentials.
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