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Abstract: The oxygen reduction reaction (ORR) is one of the key processes for electrochemical energy
storage, such as the cathode process in fuel cells and metal-air batteries. To date, the efficiency of
the ORR half-reaction limits the overall performance of these energy storage devices. Traditional
platinum-based materials are expensive and cannot provide the desired ORR efficiency. As an
alternative, a new catalytic scheme for an ORR was proposed, which consisted of an electrode
modified with a TEMPO-containing conductive polymer and a solution redox mediator system
based on nitrogen oxides (NOx). NOy is perfect for oxygen reduction in solution, which, however,
cannot be efficiently reduced onto a pristine electrode, while TEMPO is inactive in the ORR itself
but catalyzes the electrochemical reduction of NO; on the electrode surface. Together, these catalysts
have a synergistic effect, enabling an efficient ORR in an acidic medium. In the present study, the
synthesis of a novel TEMPO-containing conductive polymer and its application in the synergistic
ORR system with a NOx mediator is described. The proposed mediator system may increase the
performance of proton-exchange fuel cells and metal-air batteries.
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1. Introduction

The electrochemical four-electron oxygen reduction reaction (ORR) comprises the
cathodic process in fuel cells and metal-air batteries and is becoming one of the most
important electrochemical reactions for energy storage and conversion [1]. The dioxygen
molecule, in terms of thermodynamics, is one of the most powerful oxidants (Table 1), but
the great stability of the double O=0 bond results in a low reactivity of the oxygen [2].
In particular, due to its sluggish kinetics, the electrochemical reduction of the dioxygen
molecule requires an efficient redox catalyst which transfers electrons from the electrode to
the O, molecule [3]. An ORR catalyst for energy storage applications should also possess
high selectivity for the four-electron ORR over the adverse process of two-electron oxygen
reduction to peroxides, which decreases the half-cell potential of the cathode and leads to
the accumulation of hazardous peroxide products (Table 1, Equation (2)) [4-6].

Commercial ORR cathode materials are based on precious metals, mostly Pt, due to
their catalytic activity and four-electron selectivity in the ORR reaction [7,8]. Platinum
catalysts have high cost and low stability. Therefore, decreasing the use of platinum or
replacing it in cathode catalysts is the main way for the development of new technologies
for the commercial use of fuel cells [9-12]. The content of platinum in cathode materials
can be reduced by using platinum alloys with other metals [13-16] or eliminated by using
alternative catalytic systems, such as doped carbon nanomaterials [17-22]. The drawbacks
of such catalysts are their tendency to agglomeration, uneven distribution of particles in
polymer matrices, and washing out during operation, which deter the catalytic performance
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of the materials [23-25]. Therefore, the development of effective ORR catalysts is a key
scientific problem to be solved for fuel cell commercialization.

Table 1. Standard potentials of O,- and NOy- based half-reactions.

Nr. Half-Reaction E°, V Ref.
1 O, +4HY+4e 22H,0 1.229 [26]
2 O, +2H* +2e 2 H,O, 0.695 [26]
3 HNO, + H* +e = NO.(g) + H,O 0.984 [26]
4 NOZ.(g) +Ht*+e= HN02 1.108 [26]
5 NOzo(g) +2H*+2e =2 NOo(g) + H,O 1.028 1 [26]
6 TEMPOe + H* + &8 2 TEMPOH 0.65 [27]
7 TEMPO™" + & 2 TEMPQOe 0.745 [27]
8 TEMPO™" + H+ + 2 ¢ 2 TEMPOH 0.70 2 [27]

1 Calculated from Equations (3) and (4). 2 Calculated from Equations (6) and (7).

Nitrogen oxides (NOy) are considered promising mediators for the oxygen reduction
reaction (ORR) [28-31]. The catalytic cycle of this mediator system in the electrochemical
ORR is depicted in Figure 1a. NO, one of the components of the NOy system, efficiently
reduces dioxygen, affording, through several intermediates, NO,, which can then be
then reduced back to NO. This process provides fast kinetics of oxygen reduction and
is thermodynamically favored, with NO AE° of the reduction of O, by NO (Table 1,
Equations (1) and (5)) of only 0.201 V, which means a high thermodynamic efficiency of the
NOy mediator system in the ORR. The mediator cycle inherently produces H,O as a sole
reduction product, which excludes the possibility of H,O, formation [32].

H,0
NO 1120, - NO 120,
2¢4 slow fast fast
NO,
NO,
2 H*

(a) (b)

Figure 1. (a) Simplified catalytic cycle of NOx-mediated ORR and (b) generalized reaction scheme
for NOy-mediated ORR on a TEMPO-modified electrode.

However, the electroreduction of NO, on the electrodes is limited by its poor kinet-
ics and thus requires an additional catalytic system that will facilitate this process [32].
A possible solution to overcome this limitation is the use of an additional redox mediator,
which can eliminate the kinetic limitations of electron transfer. An inorganic co-mediator
system based on the VO?*/VO,* couple was proposed for the NOy system; however,
vanadyl itself showed poor reduction kinetics on the electrode [33,34]. Recently, aminoxyl
derivatives, and, in particular, TEMPO, were proposed as dissolved co-mediators that
facilitate the reduction of NO, and overcome this issue (Figure 1b) [35]. The standard
potential of the TEMPOe /TEMPO* couple is 0.745 V (Table 1, Equation (7)), which is only
0.363 V lower than the NO; reduction potential (Table 1, Equation (4)). This co-mediator
minimizes energy losses in this step, and, at the same time, ensures fast kinetics for both
NO; reduction and electrode sites.
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In our study, we propose an ORR catalytic system based on the NOy-aminoxyl media-
tor system with a TEMPO catalyst immobilized on the surface of the electrode (Figure 1b) as
a potential catalytic system for fuel cells and metal-air batteries. TEMPO radicals undergo
disproportionation in an acid medium, producing an active reducing agent—TEMPO™
anions—which rapidly reduces NO, species to NO, forming TEMPO™ cations, which can
be easily electroreduced to neutral TEMPO species. The latter again produce TEMPO™
species in an acid medium, and the mediator cycle continues. TEMPO fragments are bound
on a conductive polymer backbone, which ensures a fast electron transport to the electrode
surface, increasing the overall efficiency of the ORR. Such an architecture shifts one of the
electron transfer processes from the solution to the electrode surface, which improves the
overall electron transfer, reduces the amount of TEMPO used, and prevents the crossover
of this medjiator to the anode compartment. We prepared a new TEMPO-pyrrole monomer
and deposited an acid-stable conductive polymer using this monomer. The catalytic system
consisting of the electrode modified with this polymer and a solution of a NOx mediator
system showed activity towards the ORR in an acidic medium.

2. Results and Discussion
2.1. Synthesis of the TEMPO-Containing Polymer

Existing TEMPO-pyrroles and polymers obtained thereof are based on an ester
linker [36-38], which is acid-labile and cannot be utilized in acidic ORR systems. To
overcome this issue, we prepared the new TEMPO-pyrrole PyC4NO with an acid-stable
alkyl linker. The PyC4NO monomer was obtained in two steps (Figure 2). Briefly, TEMPOL
was alkylated with an excess of 1,4-dibromobutane according to the literature to obtain
product 1, which was then used for the N-alkylation of pyrrole. The alkylation with KOH
under typical conditions failed, but the alkylation with NaH as the base yielded the desired
monomer PyC4NO, with a 63% yield.

O/(CH2)4Br @ O/\/\

N N
Br(CH)Br H <
—>
NaOH, THF/H,O NaH, DMF \/_7
BusNHSO, N N
o o
1 PyC4NO

Figure 2. Scheme for the synthesis of PyC4NO.

Films of poly-PyC4NO were deposited via an oxidative electrochemical polymerization
of PyC4NO on the surface of the GC electrode in CV mode (Figure 3a). The irreversible
current near an anodic boundary of the CV was attributed to pyrrole oxidation, and the
cycle-to-cycle current increase of the peak pair indicated the polymerization of pyrrole
PyC4NO and film growth. A feature worth mentioning is that polymerization reproducibil-
ity was scarcely achievable by repeating the vertex potentials, scan rate, and number of CV
cycles. The PyC4NO polymerization process was strongly dependent on slight variations in
the electrode potential and the previous history of the solution. To adjust the upper vertex
potential accurately, the potential of the TEMPO oxidation of the monomer was used.

As seen in the SEM images of the obtained film (Figure 4), poly-PyC4NO appeared as
a discontinuous coating consisting of globules with a diameter up to 200 nm. The globules
formed a tuberous, but dense layer on the electrode surface.
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Figure 3. CV curves for the (a) deposition of poly-PyC4NO from the electrolyte containing 1 mM
PyC4NO and (b) cycling of poly-PyC4NO with IR compensation applied; 50 mV s~!, 0.1 M Et;NBF,
in CH3CN.

Figure 4. SEM images of the poly-PyC4NO film at different magnifications.

The resulting polymer formed a visible film on the electrode, insoluble in a polymer-
free electrolyte, which confirmed the deposition of the polymer. The electrodes obtained
were used to study the electrochemical properties of poly-PyC4NO.

2.2. Electrochemical Properties of the Poly-PyC4NO-Modified Electrode

The CV spectrum of the freshly deposited film in a neutral electrolyte (Figure 3b)
under anaerobic conditions contained a pronounced pair of peaks corresponding to the
aminoxyl-oxoammonium one-electron process at 0.47 V. The low peak potential difference
(16 mV) indicated the reversibility of this redox process and a fast electron transfer in the
film, which acted as a thin layer system without internal diffusion limitations [39,40]. The
electrochemical response of the film was stabilized in the second cycle, and no evolution or
degradation occurred in the subsequent cycles.
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Upon addition of trifluoroacetic acid (TFA) to the electrolyte, the electrochemical re-
sponse of the poly-PyC4NO film under anaerobic conditions changed drastically (Figure 5a).
In acidic conditions, the TEMPOe particles underwent a proton-coupled disproportionation,
affording equal amounts of the corresponding hydroxylamine TEMPOH and oxoammo-
nium cation TEMPO* (Figure 5c). Accordingly, from the first CV cycle after the addition of
TFA, the currents of the peak pair near 0.45 V dropped rapidly. The TEMPOe fragments
underwent disproportionation to TEMPO™ and TEMPOH (despite the low reduction po-
tential, the latter has a very sluggish oxidation kinetics), resulting in the decrease of the
oxidation peak linked to the oxidation of TEMPOe to TEMPO®. The resulting TEMPO*,
being reduced on the backward scan of the CV, disproportionated simultaneously, and the
net result of this process was the complete reduction of the TEMPO fragments to TEMPOH.
As a result, all TEMPO fragments were brought to the TEMPOH state, which resulted
in the disappearance of the peaks of the TEMPO™"/TEMPOe pair. This process was fully
reversible and, when transferred back to the acid-free electrolyte, the electrode restored its
electrochemical activity.
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Figure 5. CV curves of poly-PyC4NO (a) in a neutral electrolyte with 0.1 M TFA and (b) in 0.1 M
TFA with BusNNO, additives; (c) electrode processes of the TEMPO-containing polymer in an acidic
electrolyte and (d) CV curves of poly-PyC4NO in anaerobic and aerobic conditions, 1 mM BuyNNO,,
0.1 M TFA; 50 mV s~ 1, 0.1 M EtyNBFy in CH3CN.

I, mA

The gradual addition of BuyNNO, to the acidified electrolyte under anaerobic con-
ditions resulted in an irreversible cathodic current (Figure 5b), which indicated a fast
reduction of NO, species on the TEMPO-modified electrode. The cathodic current in-
creased proportionally to the concentration of NO, ™ up to 1 mM concentration.

In the presence of O,, an additional growth of the cathodic current was observed
(Figure 5d), which means that some NO; reduced on the TEMPO-modified electrode was
instantly oxidized back to NO, and then brought back to the reaction with a reduced form
of TEMPO, according to the proposed double mediator scheme (Figure 1b). Thus, the
proposed mediator/catalyst system facilitated the electrochemical reduction of O,. Encour-
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aged by the performance of the developed system, we decided to study its performance in
the ORR in bulk.

2.3. Bulk ORR Performance of the Catalytic System

The electrocatalytic properties of the poly-PyC4NO film were studied by potentiostatic
electrolysis at the formal potential of the aminoxyl-oxoammonium process, 0.47 V, vs.
Ag | AgNOj (Figure 6a). As seen from the chronoamperograms, the reduction current in
the presence of an oxygen flow became higher after about 10% of electrolysis time, which
indicated the depletion of the solution containing NO; in the absence of oxygen and its
regeneration in the presence of oxygen.

T ——film before ORR

—— 1 mM Bu,NNO,, Ar —— film after ORR
—— 1 mM Bu,NNO,, O, .

T T T

T T T T
6 8 10 12 14 16 18 20 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Time, h E, V vs Ag|AgNO,

(@) (b)

Figure 6. (a) Potentiostatic chronoamperogram with and without O, on a carbon paper electrode
coated with the poly-PyC4NO film at 0.47 V vs. Ag| AgNO3, 1 mM BugNNO, + 0.1 M TFA and (b) CV
curve of poly-PyC4NO before and after the ORR experiments, 50 mV s~!; 0.1 M EtyNBF, in CH3CN.

As seen from the CV curve of the poly-PyC4NO film recorded in an initial electrolyte
after the ORR experiments (Figure 6b), the film recovered its electroactivity with only a
minor decrease in current, which indicated a high stability of the film under ORR conditions.

3. Materials and Methods

General considerations. The 'H and 3C NMR spectra were recorded on a Brucker
Avance 400 spectrometer at 400 and 101 MHz, respectively, in CDCl;. Pentafluoropheny-
lhydrazine-ds was used to quench the TEMPO radical in situ prior to acquiring the spec-
trum. ESI-HRMS was recorded using a Shimadzu LCMS-9030 spectrometer in positive
mode. SEM was performed on a Zeiss Merlin microscope with a GEMINI II column at 5 kV
accelerating voltage in secondary electron mode. The electrochemical experiments were
performed on a BioLogic VMP-3e potentiostat.

Starting materials, reagents, and solvents of reagent grade were used as received. The
compounds 4-bromobutoxyTEMPO (1) [41] and BusNNO; [42] were prepared according to
literature protocols. The dry DMF was prepared by fraction distillation from CaHj in vacuo.
Petroleum ether was dried by storage over activated silica. Electrochemical-grade CH3CN
and Et4NBF4 were used for the electrochemical experiments. HPLC was performed on
an ECOM TOY18DADS800 chromatograph equipped with a YMC 5 pm SiO, column; TLC
were performed on Merck 60 M F254 indicator silica gel plates.

Synthesis of PyC4NO. NaH (60% dispersion in mineral oil, 9.25 mmol, 370 mg) was
placed in a 30 mL screw cap vial with septum under Ar, washed twice with dry petroleum
ether, and dried in vacuo. Dry DMF (6 mL) was injected in the vial under Ar, the reaction
mixture was cooled with ice, and then a solution of 1H-pyrrole (5 mmol, 335 mg, 346 uL) in
dry DMF (1 mL) was added dropwise via a syringe. After the hydrogen evolution ceased,
a solution of 1 (7.25 mmol, 2.27 g) in dry DMF (6 mL) was added dropwise via a syringe.
The reaction mixture was stirred at RT for 18 h, quenched with 25 mL of H,O, and diluted
with 30 mL of CH;,Cl,. The organic layer was separated, thoroughly washed with brine
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3 times, dried over Na;SO4, and the solvent was removed in vacuo. The crude product
was purified by preparative HPLC (silica gel, hexane-acetone gradient), giving the desired
product, an orange solid with a yield of 63% (922 mg).

PyC4NO: 'H NMR (CDCl3, 400 MHz) § (ppm) 6.67 (t, ] =2 Hz, 2H), 6.15 (t, ] = 2 Hz,
2H), 3.93 (t, ] = 7.1 Hz, 2H), 3.61-3.49 (m, 1H), 3.44 (t, ] = 6.3 Hz, 2H), 2.06-1.74 (m, 4H),
1.68-1.51 (m, 2H), 1.51-1.38 (m, 2H), 1.23 (s, 6H), 1.17 (s, 6H); 3C NMR (CDCl;, 101 MHz)
b (ppm) 120.5, 107.9, 70.5, 67.6, 59.2, 49.5, 44.8, 32.0, 28.6, 274, 20.7; ESIHRMS m/z [M]*
caled for C17Hy9N,O,* 293.2224, found 293.2226.

Electrochemical experiments. Poly-PyC4NO films were deposited onto the prepared
glassy carbon (GC) electrodes (d = 3 mm) by oxidative electrochemical polymerization
of PyC4NO from its 1 mM solution in CH3CN containing 0.1 M Et;NBF, as a supporting
electrolyte. The preparation of the GC electrode included subsequent polishing, rinsing
with isopropyl alcohol and acetone, drying and electrochemical pretreatment procedures
(application of constant potentials of 1.5, —1.0, 1.5, =1.0 V vs. an Ag | AgNOj; reference
electrode for 2 min in 0.1 M Et4NBF4, CH3CN electrolyte). Polymerization was carried out
in a standard three-electrode cell equipped with a Pt strip as an auxiliary electrode and a
BASi MW-1085 Ag | AgNOj3; non-aqueous reference electrode. Polymerization was carried
out in the cyclic voltammetry (CV) mode in the range of —0.5-0.8 V with a scan rate of
50 mV for 16 cycles. After the deposition, the obtained films were washed with CHzCN
and dried in air.

For the potentiostatic experiments, poly-PyC4NO films were deposited onto a carbon
paper disc electrode (d = 16 mm) following the same procedure as described above, but
with the electrode pre-treatment step omitted. Potentiostatic electrolysis was performed
in a three-electrode cell with a glass frit dividing the working and the counter electrode
compartments. The solution volume in the working electrode compartment was 25 mL.
Before electrolysis, the solution was purged with argon or oxygen, and electrolysis was
performed in a sealed cell under static pressure of the desired gas.

4. Conclusions

The immobilization of TEMPO-groups on the electrode surface by help of a conductive
polymer backbone is an effective way to utilize the catalytic properties of the TEMPO radical
in heterogeneous catalytic cycles. In this work, we demonstrated an efficient ORR cycle
consisting of dissolved NOy and an electrode modified with a TEMPO-containing polymer.
The former one provided a facile O, reduction, while the latter one boosted the electron
transfer from the electrode surface. The TEMPO-containing polymer was easily deposited
directly on the electrode surface by an electrochemical polymerization. Immobilization of
TEMPO on the electrode surface allowed us to reduce the amount of the TEMPO-containing
catalyst with respect to that of the dissolved NOx mediator system and prevent the possible
crossover of TEMPO species. Because of the high potential of both redox processes involved
in the proposed cycle, this system preserved most of the energy of the ORR half-reaction.
This system may be further employed in proton-exchange fuel cells. Since this system is
able to operate under nonaqueous conditions, it can be exploited at temperatures below
0 °C, which is beneficial for transport and, in general, outdoor applications.
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