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ABSTRACT: Nitrous oxide (N20) is the third largest contributor to anthropogenic greenhouse gas emissions and plays a detrimental
role in the depletion of ozone. Despite the contribution of N,O as an atmospheric pollutant, there are currently only a few examples
of electrochemical N,O remediation to N.. Herein we report the electrocatalytic deoxygenation of N,O by iron tetraphenylporphyrin
(FeTPP) to form N, with quantitative Faradaic efficiency and an observed rate of 12.6 s. Comprehensive mechanistic investigation
of the proposed steps in the catalytic cycle determined that hydrogen-bond donors are critical for accelerating N,O activation and that

proton transfer is involved in the rate-determining step.

Coined as “laughing gas,” nitrous oxide (NO) has been
employed in a variety of applications, ranging from its use as an
anesthetic to an additive in rocket fuel.>? Recently, the anthro-
pogenic emission of N,O has been rising due to industrial pro-
cesses and excess fertilizer use in agriculture.®* As a result, at-
mospheric N2O concentration is increasing by approximately
0.75 ppb yearly.® Consequently, N,O has been identified as the
leading contributor to ozone depletion in the 21st century.® N,O
is also estimated to have 300 times the global warming potential
compared to CO; and a lifetime of ~114 years in the atmos-
phere.” Thus, the remediation of N,O into benign products is
important for minimizing negative environmental effects from
industrial and natural sources.

N2O is a powerful oxidant, with a standard potential of

+1.77 V vs. NHE for the reaction shown below.°
N,O0 + 2H* +2¢e~ > N, + H,0

However, N,O is kinetically inert. Designing complexes for ac-
tivation under ambient conditions has been a long-standing goal
for several reasons, including remediation, application as a ter-
minal oxidant, and understanding biological activity.'>'* Be-
cause it is so unreactive and a poor ligand, there are only a hand-
ful of examples of N,O activation at homogeneous cata-
lysts.41415 There are even fewer examples of selective N,O re-
duction electrocatalysts (Chart 1).16-18

We explored iron(ll) tetraphenylporphyrin (FeTPP) for
electrocatalytic activity towards N,O reduction. FeTPP is oxi-
datively stable and commercially available as the precatalyst
iron(l11) tetraphenylporhyrin chloride (FeTPPCI). Iron porphy-
rin derivatives have previously displayed reactivity with N,O as
an oxidant in the catalytic reductive dimerization of alkenes.'®
Additionally, FeTPP has well characterized electrocatalytic ac-
tivity towards the reduction of CO, to CO.%2! As noted by
Costentin and coworkers, there are several parallels between
N20 and CO, reduction. N»O is isoelectronic to CO,, and both
molecules can react with two electrons and two protons to
cleave the heteroatom-oxygen bond and form N, and CO, re-
spectively. Both N,O and CO; also contain a central electro-
philic atom that can bind to an electron-rich metal center.*® Fur-
ther, most prior examples of N,O reduction catalysts have ac-
tivity towards CO; to CO reduction. The combination of these
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Chart 1. Previously described molecular N2O reduction elec-
trocatalysts and this work.

factors led us to investigate the electrocatalytic reduction of
N,O by FeTPP.22

Consistent with prior reports, cyclic voltammetry (CV) of
FeTPPCI (1 mM in THF) under 1 atm of Ar contains three re-
duction events (Figure 1, top, black).?® The first event is the
quasi-reversible reduction of Fe(lll) to Fe(ll) coupled with dis-
sociation of the axial chloride ligand at -0.9 V vs Fe(CsHs),™.2
The next two reductions events are at -1.7 and -2.2 V vs
Fe(CsHs),"° and are centered on the porphyrin ligand to form
the anion and dianion complex, respectively.?
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Figure 1. Top: CV trace of FeTPPCI (1 mM) under 1 atm Ar
(black) and 1 atm N20 (blue) in 0.1 M n-BusNPFs in THF.
Bottom: Scan rate dependence of the FeTPP/2 redox couple
under 1 atm N20, showing changes due to N20 binding.

Under 1 atm of N,O, the reduction feature at -2.2 V vs
Fe(CsHs),™° displays no corresponding anodic return peak at
slow scan rates (less than 10 mV/s), indicating an EC mecha-
nism, where E represents an electron transfer step and C repre-
sents a subsequent chemical step. (Figure 1 top, blue and Figure
1, bottom). The E represents the reduction to the fully reduced
Fe(l1)TPP? state, and we attribute the C step to N,O binding to
the metal center.

Titration of water into the FeTPPCI solution under 1 atm
N0 results in enhancement of the reductive current at -2.2 V
vs Fe(CsHs),™, indicating electrocatalytic activity (Figure 2).
This current enhancement achieves a maximum value with ap-
proximately 21 equivalents of water (Figure 2). The relation-
ship between the maximum catalytic current with water and
N0, and the non-catalytic current can be used to calculate an
observed pseudo-first-order rate constant in pure kinetic zones,
where the cathodic current is not limited by diffusion of the sub-
strate. This relationship is given by Equation 1,

2
i\ 0.446 3 F
ons = |(1£) 222 'y

where i. is the peak catalytic current, i, is the peak non-catalytic
current, n is the number of moles consumed in a catalytic cycle,
n’is the number of electrons consumed by the catalyst, and v is
the scan rate (V/s).® Analysis of our data resulted in Kops = 12.6
st

Controlled potential electrolysis (CPE) of FeTPPCI (1 mM
in 0.1 M n-BusNPFg in THF) was performed with 20 equiva-
lents of water under an atmosphere of N»O to confirm catalytic
turnover and quantify product formation. A potential of -2.3 V
vs Fe(CsHs),™ was applied for 2.2 hours, resulting in a linear
variation of charge passed with time (Figure 3, blue). The head-
space of the electrolysis cell was sampled using gas chromatog-
raphy to determine the identity and the quantity of products
formed. When catalyst was present, N, was quantified with an
average Faradaic efficiency of 100 + 5%. The amount of current

Equation 1.
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Figure 2. 1 mM FeTPPCl in 0.1 M n-BusNPFg THF solution
(black). Scan rate of 5 mV/s. The solution was saturated with
N20 followed by addition of H20. The catalytic current
reaches a maximum at 21 equivalents of H20 (blue).

passed is equivalent to 8.65 turnovers per catalyst. No H was
detected. No gaseous products were detected when no catalyst
was present (Figure 3, black).

The proposed catalytic cycle is shown in Scheme 1. After
three one-electron reductions of Fe(111)TPPCI, N2O binds as in-
dicated by the EC mechanism observed by cyclic voltammetry,
with an electron transfer event followed by an irreversible
chemical step. No loss of reversibility is observed under 1 atm
Ar with H,O present, providing further evidence that the initial
reaction with the fully reduced complex is with N,O and not
H>O. This intermediate then interacts with two equivalents of
acid and two equivalents of electrons to cleave the heteroatom-
oxygen bond and generate an equivalent of water, ending with
dissociation of the reduced substrate. The proposed mechanism
is also consistent with reported iron porphyrin CO, reduction
systems, in which the iron porphyrin complex is first reduced to
the doubly-reduced Fe(I1)TPP, or Fe(11)TPPZ, before the sub-
strate is bound.?®

Charge (C)
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T T T T
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Figure 3. Charge passed upon electrolysis of N2O and H20
with (blue) and without (black) FeTPPCI.

Post-electrolysis ultraviolet-visible (UV-vis) absorption
spectra of the solution indicate a new compound is formed. The
N2O-bound reduced iron complex was generated independently
using in situ spectroelectrochemistry (Figure 4, S6 and S7).
These spectra match that of the post electrolysis solution, indi-
cating the resting state under catalytic conditions.

As the third reduction of Fe(l11)TPPCI results in the initial
reaction with N,O and a loss of reversibility, this step was stud-
ied under non-catalytic conditions to determine the rate (Kobs) of
N2O binding. Scan rate dependent studies on this EC redox
event under 1 atm NO in the absence of water were performed.
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Scheme 1. Proposed catalytic cycle.
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This data was analyzed by monitoring the ratio of anodic to ca-
thodic current versus the scan rate as previously described by
Savéant (Figures S1 & S2).2” From this analysis, the pseudo-
first-order rate for N,O binding is 0.06 s* < kops < 0.08 5.2 This
rate is an order of magnitude faster than the reported kops for the
analogue CoTPP, but slower than the binary “face-to-face” co-
balt porphyrin systems.®

The rate for N,O binding to Fe(l11)TPP? is notably slower
than the overall ko for catalysis (12.6 s*). However, no water
is present during the rate measurement. We initially hypothe-
sized that water could increase the N>O binding rate through
axial ligation to the Fe, increasing the electron density at the
metal. However spectroelectrochemical analysis demonstrates
no coordination of water to the complex upon reduction to
Fe(11)TPP? (Figure S9).

We then considered the possibility that water could serve
as a hydrogen-bond donor that stabilizes the N,O-bound com-
plex. As water also serves as the proton donor for catalysis, we
are unable to isolate its effect in the N,O binding step without
further reactivity and catalysis. In order to deconvolute the im-
pact of hydrogen-bonding on N,O binding while inhibiting pro-
tonation and catalysis, we used the more basic secondary amine
2,2,6,6-tetramethylpiperidine (TMP). TMP is a hydrogen-bond
donor, although its donor strength is expected to be weaker than
H,0.% However, it is also a much weaker Bronsted acid. Alt-
hough its pK, has not been measured in THF, its pK, is 37 in
DMSO, compared the pK, of 32 for water.?® Cyclic voltamme-
try of FeTPPCI under 1 atm N,O and 60 mM TMP verifies min-
imal or no electrocatalytic activity (Figure S17) with this hy-
drogen-bond donor.

The rate of N,O binding was evaluated using the same
scan-rate dependent cyclic voltammetry analysis under 1 atm
N.O and 60 mM 2,2,6,6-tetramethylpiperidine. A significant
increase in the observed rate constant was measured (6.7 s*) for
N0 binding (Figure S3). The increased rate constant with TMP
suggests that the presence of a hydrogen-bond donor facilitates
N2O binding. While the measured rate for this step does not
reach the electrocatalytic rate of 12.6 s* when HO is present,
TMP is not as strong of an H-bond donor as water since oxygen
is more electronegative than nitrogen.*

To investigate the kinetic isotope effect, D,O was used as
the acid source instead of H,O, where kp was determined by the
same method presented in Equation 1. The primary Kkinetic iso-
tope effect observed (kw/kp = 2.1) indicates proton transfer is
involved in the rate determining step (RDS). This RDS could
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Figure 4. Top: Absorbance spectra of the post-elec-
trolysis solution at 40 uM (blue) and 4 uM (black).
Peaks occur at A = 311, 426, 531, 576, 615 nm. Bot-
tom: Comparison of the pre- and post-electrolysis
solution to the in-situ generated complex.

be proton transfer to N,O concerted with electron transfer and
N-O bond breaking, which is consistent with our observed rest-
ing state of N,O bound to the FeTPP? species. Furthermore, this
mechanism would be consistent with the rate determining step
for CO, reduction to CO by iron porphyrins.3

In summary, our study describes the electrocatalytic cleav-
age of the N-O bond of nitrous oxide by an iron porphyrin sys-
tem using water as a proton donor. FeTPPCI has high selectivity
for conversion to N, with no concomitant reduction of H,O to
H>. Our electrochemical analysis indicates that N,O binding oc-
curs at Fe(11)TPP?, and that intermolecular hydrogen-bond do-
nors accelerate the rate of binding. Additionally, the kinetic iso-
tope effect on rate indicates proton transfer is involved in the
rate-determining step. Both of these aspects indicate that N,O
reduction to N has parallel mechanistic features compared to
COs; reduction to CO. These similarities to CO- reduction will
likely prove useful in the development of N,O remediation cat-
alysts. This conversion represents another application of a di-
verse catalyst, and an important step in the remediation of ni-
trous oxide.
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