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A catalytic system based on iron phosphide (FeoP) has exhibited electrocatalytic activity toward Ny-reduction
reaction in alkaline medium (0.5 mol dm~3 NaOH). Based on voltammetric stripping-type electroanalytical
measurements, Raman spectroscopic and spectrophotometric data, it can be stated that the FeyP catalyst facil-
itates conversion of N3 to NHs, and the process is fairly selective with respect to the competing hydrogen evo-
lution. A series of diagnostic electrocatalytic experiments (utilizing platinum nanoparticles and HKUST-1) have
been proposed and performed to control purity of nitrogen gas and to probe presence of potential contaminants
such as ammonia, nitrogen oxo-species and oxygen. On the whole, the results are consistent with the view that
the interfacial reduced-iron (Fe®) centers, while existing within the network of P sites, induce activation and
reduction of nitrogen, parallel to the water splitting (reduction) to hydrogen. It is apparent from Tafel plots and
impedance measurements that mechanism and dynamics of nitrogen reduction depends on the applied elec-
troreduction potential. The catalytic system exhibits certain tolerance with respect to the competitive hydrogen
evolution and gives (during electrolysis at -0.4 V vs. RHE) the Faradaic efficiency, namely, the selectivity (molar)
efficiency, toward production of NH3 on the level of 60%. Under such conditions, the NHs-yield rate has been
found to be equal to 7.5 ymol cm ™2 h™! (21 umol m~2 s1). By referring to classic concepts of electrochemical
kinetic analysis, the rate constant in heterogeneous units has been found to be on the moderate level of 1-2+10~*
cm s~ ! (at -0.4 V). The above mentioned iron-phosphorous active sites, which are generated on surfaces of Fe;P
particles, have also been demonstrated to exhibit strong catalytic properties during reductions of other elec-
trochemically inert reactants, such as oxygen, nitrites and nitrates.

N, + 3H, — 2NH 1
1. Introduction 2+ 3H; - 3 (@)

in which nitrogen from the air is combined with hydrogen under

Ammonia (NH3) is manufactured on a large scale world-wide and is
used to produce fertilizers, plastics, fibers, explosives, nitric acid, and
intermediates for dyes and pharmaceuticals. Furthermore, ammonia has
received much attention an alternative fuel for vehicles and, as carbon-
free hydrogen carrier, it can act as a potential energy storage medium
[1-3]. Ammonia is mainly produced via the Haber-Bosch synthetic
process [4],

* Corresponding authors.

extremely high pressures (at least 100—300 bar) and fairly high tem-
peratures (400—500°C, or lightly higher). Heterogeneous catalysts
(based mostly on iron) enable the reaction to be carried out at reason-
ably high (thermodynamically-justified) temperatures, whereas the
removal of ammonia from the batch as soon as it is formed ensures that
equilibrium favoring the product formation is maintained. While being
the most efficient for the fixation (reduction) of nitrogen, the Haber-
Bosch synthesis is the basic process of chemical industry. But it
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depends on plentiful supplies of energy and is believed to contribute to a
buildup of reactive nitrogen in the biosphere, causing an anthropogenic
disruption to the nitrogen cycle [5] Furthermore, the requirement of the
enormous supply of hydrogen, which is generated by fossil fuels, leads to
significant carbon dioxide emissions. Consequently, there is a growing
interest in sustainable production which include electrolytic approaches
with renewable energy sources.

Electrocatalytic Ny-reduction under ambient-condition is considered
to be a tempting strategy to synthesize ammonia while alleviating
greenhouse emissions and reducing environmental pollution [6-10]. In
the reaction, nitrogen is reduced to ammonia in an aqueous environment
at the cathode using six-electrons and water as the source of hydrogen:

Ny + 6H,0 + 6e~ — 2NH3 + 60H™ 2)

But electroreduction is a sluggish multi-step process and requires
breaking the strong (941 kJ mol™ ) triple (N=N) bond in a stable No
molecule [11-13]. The major scientific challenges for the Nj-to-NHj3
conversion include the need of activation through sufficiently strong
(but not irreversible) adsorption of nitrogen molecule at the catalytic
interface. But electrocatalysts are typically more active toward
hydrogen evolution than ammonia production. Among other issues is
the long-term stability that does not limit the practical use and tech-
nological commercialization of Nj-fixation catalysts at mild conditions
[14-17]. In addition to the choice of a functional electrocatalyst,
consideration of a proper electrolyte is also critical to achieve the
desired performance.

There is a need to develop electrocatalytic systems for No-reduction
reaction (N2RR) that are optimized for activity and durability. Repre-
sentative catalytic materials include a variety of systems covering noble-
metal catalysts [18-21], noble-metal-free alternatives [22-37], and
transition-metal-based materials with the abundant d-orbital electrons
and unoccupied orbitals capable of the activation of strong N=N triple
bond [38,14]. Among transition metals, promising results have been
reported with the iron-group (Fe, Co, Ni and Cu) [39,40] electro-
catalysts. Such systems can also be considered as cocatalysts or addi-
tives, as well as in a form of oxides, hydroxides, nitrides, sulfides and
phosphides, which are known to exhibit to exhibit reasonable stability
and remarkable catalytic activation. Obviously many other materials
[41-43], including distinct metals, alloys [44], enzymes [45] and metal
nitrides [46] have been tested for NoRR but, in most cases they still
suffer from low selectivity and activity for this reaction.

Having in mind, the activity of the enzyme nitrogenase [47], it is
reasonable to expect that iron (Fe) sites may interact strongly with ni-
trogen and enhance both the adsorption and activation of N, molecules.
The fact that Fe element is placed in the middle of the lighter transition
metal elements within the periodic table suggests the existence of un-
occupied d orbitals capable to act as both electron-acceptor and
electron-donors [48]. For example, the graphene-embedded FeNgs-type
centers exhibit catalytic properties for nitrogen fixation [49]. Also
Fe-ionic sites coordinated within C3N4 network can activate the Ny
molecule effectively [50]. Theoretical predictions [51] imply that
Fe-doped monolayer of black phosphorous, phosphorene, would func-
tion as effective catalytic system, in which single atom Fe centers, while
cooperating or interacting with P sites activate the inert N=N triple
bond and induce Ny-reduction to NHs. Being inspired by this report and
our recent observations concerning the electrocatalytic activity of iron
phosphides toward reduction of nitrates to ammonia [52], we have
concentrated on the latter class of compounds.

Transition metal phosphides, in particular Fe-based metal phos-
phides (FeP, FeyP, FePy, FegP) [53,54], have been widely applied in
photocatalysis [55,56], electrocatalysis [57-62], in the development of
sensors [63] and batteries [58,64] due to their unique catalytic prop-
erties, long stability, and fairly high conductivity. The presence of
phosphorus can lead to the “weak ligand” effect upon the formation of
metal-P bonds in metal phosphides [65]. It has been postulated that, in a
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case of Fe-based metal phosphides, the vacant 3d-orbital and the
3p-lone-pair electrons of P-atoms can modify the surface charge den-
sities characteristic of Fe atoms [66]. The transition metal phosphides, in
which the nanostructured catalytic iron sites could exist, are promising
low-cost candidates for electrocatalytic reduction reactions [67-73].
Among important features is existence of the charge transfer effect, M(5
) - P(§7), which permits reversible formation of the adsorbed
hydrogen atoms (H) at the catalytic interface [67,70,74]. The systems’
good conductivity [75] is also advantageous.

In the present study, we report the successful electrocatalytic
reduction of nitrogen (Ny) in 0.5 mol dm™> NaOH using of iron phos-
phide activated at 300°C, namely in a form of Fe;P. At ambient condi-
tions, FeyP is hexagonal with iron atoms at two, tetrahedral and
pyramidal, nonequivalent sites surrounded by four and five phospho-
rous atoms, respectively [76,78]. For example, the Fe!™ sites, which are
bonded to four equivalent P>~ atoms, form a mixture of distorted edge
and corner-sharing FeP4 tetrahedra. Judging from the stoichiometry of
FeyP, both Fe! and Fe!l ionic sites are expected to exist at open-circuit
potential (i.e., in the initial state of an electrochemical experiment).
The physicochemical identity and structure of the electrocatalytic
interface polarized negatively toward reduction of Ny and exposed to
liquid electrolyte would obviously be different than that characteristic of
the initial state. Our observations are consistent with the view that
catalytic electroreduction of Ny is induced by pre-reduced Fe® atoms
generated from Fe-ionic sites of Fe,P catalyst but only on its surface. We
have also considered Tafel plots, impedance measurements and classic
concepts of kinetic electroanalysis to comment on mechanism and dy-
namics of nitrogen reduction. Identification of the NRR products have
been addressed using Raman spectroscopy, as well as using the in-situ
electroanalytical detection approach based on probing the electro-
oxidation of NHs to nitrogen (N3) at the extra working electrode
modified with Pt nanoparticles. Supplementary diagnostic experiments
have also been carried out to control purity of nitrogen gas and to
identify potential contaminants. To comment on general catalytic ac-
tivity of FeoP during electroreductions in alkaline medium, we have
performed additional comparative measurements using such redox
probes as O3, CO,, NO3 and NO3.

2. Experimental

Chemical reagents were analytical grade materials. Iron penta-
carbonyl (>99.99%, Fe(CO)s), oleylamine (70%, OLA), ethanol (98%,
EtOH), acetone (95%) and 5wt% Nafion® perfluorinated resin solution
were obtained from Sigma-Aldrich. Platinum black nanoparticles, tri-
phenylphosphine (99%, TPP), and squalene (98%, SQ) were purchased
from Alpha Aesar. Sodium hydroxide and sulfuric acid (95%) were
bought from POCh (Gliwice, Poland).

All chemicals were analytical grade materials and were used as
received. Solutions were prepared from the deionized (Millipore Milli-
Q) water. They were deoxygenated by bubbling with ultrahigh puri-
fied argon. Experiments were carried out at room temperature (22 +
2°C).

All electrochemical measurements were performed using a CH In-
struments (Austin, TX, USA) Model 760D workstation in three electrodes
configuration. The glassy carbon working electrode was in a form of the
disk of geometric area, 0.071 cm? Asa rule, the surface of the electrode
was pre-cleaned and pretreated by polishing with alumina on (Buhler
polishing cloth). The reference electrode was Ag/AgCl, KCl (saturated)
electrode, and the gold electrode (immersed in a glass Luggin capillary)
was used as the counter electrode. All potentials reported here were
recalculated and expressed vs. RHE.

The synthesis of iron phosphides was performed using a modified
solvothermal synthesis procedure described earlier [41,72,73]. In
particular, to obtain FeyP (which is mostly considered in the present
work) 0.6 g Fe(CO)s, 3.14 g TPP as precursor, 10 ml OLA, and 1.0 ml SQ
were introduced into a 100 ml three-neck flask (under Ar-atmosphere)
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and heated to 150°C (ramp tare: 10°C min~') until the TPP was dis-
solved. The temperature was further increased gradually and, finally,
was held at 450°C for 15 min. After cooling down the suspension to
50°C, the FeyP particles were isolated by adding a mixture of solvents
(ethanol/acetone, v/v 1:1). Later, the product was subjected to centri-
fugation at 8000 rpm for 5 min and, finally, the FesP product was iso-
lated as a solid material. The specific surface area (135 m? g’l) of FoP
powder sample was recorded using Ny adsorption at 77 K (Autosorb
iQ-XR from Quantachrome/Anton Paar).

Unless otherwise stated, the FeyP catalytic material was introduced
through rubbing it onto the glassy carbon electrode surface. The loading
of FeyP on the electrode surface, ca. 4.9 mg cm ™2, was determined by
careful weighting of pristine and modified electrodes using
microbalance.

As a rule, the films were over-coated and stabilized with ultrathin
layers of Nafion polyelectrolyte by depositing 1 um® of the Nafion so-
lution (prepared by introducing 5 wt% of the commercial Nafion solu-
tion into ethanol at the 1 to 10 volumetric ratio).

The catalytic materials were first pretreated in the deaerated 0.5 mol
dm™ NaOH electrolyte by subjecting them to repetitive potential cycling
by subjecting them to repetitive potential cycling (in the range from
-0.50 to 0.80 V vs. RHE) at 10 mV s ! for 20 min. Before the actual
electrocatalytic experiments were performed, the electrodes were
conditioned by potential cycling (4 full potential cycles at 10 mV s~ !) in
the potential range from -0.50 to 0.80V (vs. RHE) in the Nj-saturated
solution of 0.5 mol dm~3 NaOH. Before each representative voltam-
mogram was recorded, the working electrode was kept for 20 s (“quiet
time”) at the starting potential.

Identification of N3RR product deposited on electrode surfaces has
been achieved using Raman spectroscopy. The spectra were measured
using a Horiba Jobin-Yvon Labram HR800 spectrometer coupled with a
confocal Olympus BX40 microscope with a long distance 50x objective.
The Raman spectrometer was equipped with: a Peltier-cooled CCD de-
tector (1024 x 256 pixels), a 600 grove per mm holographic grating,
while a He-Ne laser provided the excitation radiation with a wavelength
of 532 nm.

Detection of NoRR products has also been performed electrochemi-
cally using glassy carbon electrode modified with iron phosphide under
chronoamperometric conditions upon application of the constant po-
tential of -0.40V vs. RHE. During this process, the second glassy carbon
working electrode, which was modified with Pt nanoparticles (loading
100 pg cm?) was used for detection of reaction products. The platinum
nanoparticles were first pre-treated in the deaerated 0.5 mol dm™3
H,S04 electrolyte by subjecting them to repetitive potential cycling (in
the range from 0.04 to 1.04V vs. RHE) at 10 mV s~! for 30 min. Before
and after electrolysis voltammetric patterns of platinum nanoparticles
were recorded in deoxygenated 0.5 mol dm~3 NaOH in the potential
range from 0.15 to 1.25V (vs. RHE). The reference electrode was the
silver chloride electrode (Ag/AgCl), and the gold electrode was used as
the counter electrode.

SEM images of the samples were obtained with field emission SEM
Zeiss Merlin, operating at 3 keV beam energy, using secondary electron
detectors. TEM Zeiss Libra 120 was also used to capture transmission
images, with 120 keV beam. Mean atomic content of the samples was
measured utilizing EDS detector Bruker Quantax 400, conjugated with
the scanning microscope. The following stoichiometries, Fej gP, Fep oP,
and Fey 7P (Fe- determination uncertainty, +0.03) were obtained for
FeoP, FeP, and FesP, respectively.

X-ray diffraction (XRD) patterns were measured with MiniFlex 600
W (Rigaku) diffractometer with Cu-Ka radiation.
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3. Results and discussion

3.1. Physicochemical characteristics of iron phosphides in alkaline
medium

Basic physicochemical characterization of FeP, Fe,P, and FegP cat-
alysts was provided in our previous publication [72]. The cyclic vol-
tammograms of (a) FeP, (b) Fe,P, and (c) FesP films (deposited on glassy
carbon), which are illustrated in Fig. 1A and 1B, have been recorded in
argon-saturated 0.5 mol dm~> NaOH. During cathodic scans starting
from 0.8 V down to -0.6 V, the hydrogen evolution reduction currents
have appeared at about -0.2 V and have risen sharply at about -0.35 V for
all iron phosphide samples studied (Fig. 1B). In other words, the vol-
tammetric responses of all samples studied are comparable. In the po-
tential range from 0.5 to -0.2 V, sets of relatively small and drawn-out
cathodic and anodic peaks appear in all cases at similar potentials; they
shall be correlated with the electroactivity of iron component of iron
phosphide deposits. The respective electrochemical responses are
enlarged in Fig. 1A. Because processes of hydrogen evolution (which is
typically induced by metallic iron sites) are initiated at ca. -0.2 V, i.e.
soon after the small cathodic peaks are developed, it is reasonable to
expect that the systems’ redox transitions observed below -0.2 V involve
generation of the fully reduced iron sites at the iron phosphide surfaces.
It is likely that, once Fe® sites are generated at the surfaces of Fe,P
catalytic particles, the system’s hexagonal structure (with iron atoms
tetrahedrally or pyramidally coordinated phosphorous) is largely reor-
ganized. Having in mind that experiments are performed in strong
alkaline medium (0.5 mol dm 3 NaOH), the sets of voltammetric peaks
appearing in the potential range from 0.5 to -0.2 V (Fig. 1A) reflect redox

-0.2 0.0 0.2 04 0.6 0.8
Evs.RHE/V

06 04 02 00 02 04 06 08
Evs.RHE/V

1 " 1 " 1 . 1 1 1

Fig. 1. Cyclic voltammetric responses (recorded at 10 mV s~1) for (a) FeP, (b)
Fe,P, and (c) FesP films (deposited on glassy carbon) in argon-saturated 0.5 mol
dm > NaOH illustrated in two potential ranges: (A) from 0.8 to -0.2 V, and (B)
from 0.8 to -0.5 V.
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transitions between iron (most likely Fe'' and Fel) hydroxy species
existing in the phosphorous-rich environment.

Despite the fact that iron ions existing in FeP, Fe;P and FegP have
different oxidation states, their reduction to Fe® would require three-
electrons per iron phosphide molecule. For example, by considering
the charge under the FeyP reduction peak (Fig. 1A, Curve b), which has
been approximated against the extrapolated baseline, and by using
Faraday equation, it can be estimated that approximately only 2108
mol em™2 of FeoP units undergo Fe'/Fe!! redox transitions (i.e., it is
electroactive) at the interface. Simple comparison to the loading of Fe,P
on the glassy carbon electrode surface (ca. 4.9 mg cm 2, what is
equivalent to ca. 3.4*10° mol cm 2 of FeyP) implies that only less than
0.1 molar% of FeyP catalyst is electroactive. Obviously, the latter result
is likely to be underestimated because separation of charges originating
from the surface redox reactions from the background responses also
covering FeoP capacitive charging/discharging phenomena (FeyP sur-
face area, 135 m? g_l) is not precise. Nevertheless, the active iron (Fe%)
catalytic sites, which are generated upon reduction of the electroactive
iron sites existing on surfaces of FeyP particles would constitute very
small fraction of the catalytic material. It is reasonable to expect that the
bulk rigid structure of FeyP is largely retained (it contributes only to the
background capacitive currents) while the interfacial Fe® catalytic cen-
ters are formed. It is commonly accepted that the surface electro-
chemical response of 1-21071° mol ecm™2 is characteristic of the
monolayer-type electroactivity; thus, the value of 21078 mol cm™2
would imply that roughly 100-200 monolayers of iron sites (on FeyP
submicrometer particles) would undergo transformation to generate Fe®
catalytic centers. Formation of Fe® implies thorough structural reorga-
nization of Fe,P surfaces (but not of the bulk material) leading to Fe-P
bond breaking and separation of iron and phosphorous sites. It cannot
be excluded that the resulting catalytic interface may function in an
analogous manner to the theoretically predicted system of Fe-doped
monolayer phosphorene [51] in which iron catalytic sites, while coop-
erating with P, are postulated to activate the inert triple bond in N3 to
drive reduction to NHs.

Fig. 2A illustrates the XRD pattern of the synthesized FeyP catalyst
recorded upon its activation at 450°C. As before [72], all peaks are
assigned to the hexagonal phase characteristic of Fe,P (P62m, PDFf
1008826). The following Rietveld refined crystal parameters have been
found for FesP: a = b = 0.5910 + 0.00070 nm, and ¢ = 0.3543 +
0.00040 nm. They are consistent with literature data [72], even with the
parameters of FesP single crystals [77].

We previously reported transmission electron microscopic data [72]
clearly indicating that Fe,P is composed of distinct nanostructures, such

A

+ lobs
— lcalc
— lobs-Icalc

Intensity / a.u.

30 40 50 60 70 80
2 Theta / deg
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as nanospheres, nanocubes, and nanorods ranging in sizes from 8 to 15
nm. Microscopic examination (Fig. 2B) of FeyP catalysts following sub-
jecting them to voltammetric potential cycling (as for Fig. 1B) implies
that FepP nanostructures undergo agglomeration to form
submicro-structures. Formation of rather amorphous, porous but fairly
thick FeyP deposits is particularly apparent from scanning electron
microscopic examination of the respective catalytic films on glassy
carbon (Fig. 2C).

3.2. Electrocatalytic properties of FesP

Fig. 3A illustrates voltammetric responses of the FeyP system recor-
ded both in the presence (solid line, solution saturated with N), and in
the absence of nitrogen (dashed line; solution saturated with Ar). Here
the NoRR currents are definitely higher (solid line), namely they differ
significantly from the background response recorded in the absence of
nitrogen (dashed line). The result is consistent with reasonably sound
selectivity (vs. hydrogen evolution) and appreciable activity of Fe,P
toward N3RR.

It is apparent from Fig. 3A that both hydrogen evolution and NoRR
appear in the same potential range where iron sites are expected to be in
the reduced state (Fe?), thus inducing reversible formation of the
adsorbed hydrogen (H) atoms [67,70,74] (e.g., via interfacial water
splitting in alkaline electrolyte: H,O + e~ -»*H + OH™ [79]) and acti-
vation of the Ny molecules (to form *Ns radicals). In alkaline medium,
these monoatomic H-atom adsorbates (or *H radicals) are not antici-
pated to combine with water molecules to form H30™ ions but, more
likely, the hydrogenation of *Nj (i.e., nitrogen molecule activated at Fe’
sites) leading to the dissociative adsorption is triggered by water split-
ting: *Ny + 6H0 +6e~ —* +2NH3 + 60H™. Formation (through elec-
troreduction) of Fel sites on FeoP implies structural reorganization of
surfaces of the catalytic particles: Fe-P bonds are ruptured and, in
addition to iron (Feo) atoms, phosphorous in a form of atoms, chains or
cages [80] are expected to exist at the interface. It is noteworthy that, it
has been recently postulated that Fe-centers within phosphorous
monolayers, while interacting with P sites, can effectively activate Ny
and catalyze NoRR [51]. Furthermore, the existence of the vacant
3d-orbital in Fe and the 3p-lone-pair electrons in P-atoms was postulated
to effect charge transfer resulting in a change of the iron surface electron
density which facilitates adsorption of hydrogen atoms [66,67,70,74].

For comparison, we also provide the voltammetric characteristics of
FeP and Fe3P recorded in the presence (solid lines) and absence (dashed
lines) of nitrogen (Fig. 3B and 3C). As before (Fig. 3A), the voltammetric
scans have been initiated (toward negative potentials) from the fairly

Fig. 2. (A) XRD pattern of the synthesized Fe,P catalyst recorded upon its activation at 450°C. (B) Transmission electron microscopic and (C) scanning electron

microscopic images of Fe,P.
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Fig. 3. Cyclic voltammetric responses recorded at 10 mV s~! for (A) Fe,P, (B)
FeP, (C) FesP films (deposited on glassy carbon) in the argon-saturated (dashed
lines) and the nitrogen-saturated (solid lines) 0.5 mol dm > NaOH solutions.

positive potential of 0.8 V (vs. RHE) where surfaces of iron phosphides
are partially oxidized. To avoid excessive hydrogen evolution or the
compound’s degradation, care has been exercised to apply neither too
negative nor too positive potentials. As already mentioned, the small
voltammetric peaks appearing in the range from 0.5 to 0.8 V refer most
likely to iron(Ill)/iron(II) redox transitions at the electrocatalytic
interface. Furthermore, generation of metallic iron (through electro-
reduction of the surface iron ions mentioned above) has tended to pro-
ceed in 0.5 mol dm~3 NaOH at potentials lower than -0.2 V. But upon
application of potentials even lower than -0.3 V (vs. RHE), where iron
has certainly existed in a form of metallic (Fe®) sites, the hydrogen
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evolution reaction becomes operative. Nevertheless, contrary to the
performance of FeyP, upon saturation the solution with nitrogen, the
NoRR currents have had tendency to decrease upon application of FeP
and FesP, relative to the competitive hydrogen evolution, most likely
due to the appearance of inhibiting NHs-type adsorbates. Indeed, high
polarity and propensity for forming hydrogen bonds makes ammonia a
sticky compound. Apparently, interfacial structures and catalytic ac-
tivities of FeP and FesP (in alkaline medium) are different than those of
FeoP, and they tend to induce more effectively hydrogen evolution,
rather than NoRR. Electroreduction of nitrogen can also be operative in
the cases of FeP and FesP (Fig. 3B and 3C) but, here, the hydrogen
evolution is not only competitive but becomes also the predominant
reaction hiding the N, reduction. Because the passivating effects seem to
be more severe and, effectively, the observed currents have tend to
decrease in the hydrogen evolution region (in the presence of Nj), sys-
tematic studies of those iron phosphides have not been pursued here.

Some attention has also been paid to the catalytic properties of Fe,P
during electroreductions of such inert reactants as CO2, Oz, and NO3 in
alkaline medium. While the lack of any appreciable electrocatalytic
properties toward COa-reduction is not surprising (for simplicity, the
respective response is not shown here) because carbon dioxide exits (in
0.5 mol dm™> NaOH) in a form of the electrochemically-highly-inert
trigonal carbonates (CO%’), the Fe? sites, which are postulated to exist
below -0.2 V at FeyP, seem to catalyze effectively not only evolution of
hydrogen (Fig. 4, Curve a) but electroreductions of O and NO3 (Fig. 4,
Curves b and c). The present results (Fig. 5), together with our previous
data describing electrocatalytic properties of iron phosphides toward
reduction of NO3, imply strong reductive electrocatalytic properties of
Fe? centers generated on Fe,P surfaces.

3.3. Examination of NoRR products

Ammonia, which is expected to be the main NyRR product, can be
identified and determined using electroanalytical methodology [72].
Despite complexity of the mechanism for oxidation of ammonia, the
analytical concept refers to the previous findings describing propor-
tionality of the electrocatalytic NHs-oxidation currents on ammonia
concentration even below mmol dm 2 level [81]. In the present study,
NoRR was first carried out at FeyP-catalyst-modified glassy carbon
electrode (electrolysis for 2 h upon application of the constant potential,
-0.4 V) in the nitrogen-saturated 0.5 mol dm 3 NaOH solution (50 dm’3;
Nj-concentration, 0.72 mmol dm~%). At the same time, an additional
Pt-based electrode was placed in the vicinity of the Fe,P catalytic elec-
trode. Immediately after the electrolysis step, an independent
stripping-type voltammetric diagnostic experiment was performed with

j/ mA cm2

8|

1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

E vs. RHE/V

Fig. 4. Cyclic voltammetric responses recorded at 10 mV s~ ! for Fe,P film
(deposited on glassy carbon) in 0.5 mol dm > NaOH saturated with (a) argon,
(b) O,, and (c¢) NO5.
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Fig. 5. Cyclic voltammetric responses recorded at 10 mV s~! for Fe,P film
(deposited on glassy carbon) in 0.5 mol dm 2 NaOH the presence of NO3.

use of an additional working electrode, in a form of Pt nanoparticles
(loading 100 pg cm™2) introduced onto ceria (CeO, nanoparticles of
30-40 nm diameters, loading, 350 pg cm~2) deposited on glassy carbon
electrode substrate. Here, ceria acts as support for Pt nanoparticles and
facilitates their uniform distribition at the electrocatalytic interface. The
actual calculations of real surface areas characteristic of Pt nanoparticles
have been based on assumption that hydrogen atom can be adsorbed on
a single platinum surface center where a total charge transfer occurs
there [82]. Thus by integrating the areas under hydrogen adsorption
peaks corrected for the background current, and by using a conversion
factor of 210 uC cm ™2, the value of 40 m? g~! was obtained for Pt in the
presence of CeOs.

Fig. 6 illustrates results based on a series of reference NH3-oxidation
voltammetric experiments performed in 0.5 mol dm > NaOH containing
NHj3 in the concentration range from 0 to 0.20 mmol dm~3. The pro-
portionality of the oxidation peak-current densities on concentration is
evident from Fig. 6A. Because, as it has recently pointed out by
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Fig. 6. Results of analytical voltammetric experiments performed at 10 mV s~!
using glassy carbon electrode modified with CeO,-supported Pt nanoparticles in
0.5 mol dm 3 NaOH electrolyte. (A) Dependence of the oxidation peak current
on ammonia concentration (standard solutions); (B) The background-
subtracted voltammetric response recorded for a blank sample obtained
following electrolysis for 7200 s at FeyP in argon-saturated electrolyte; (C)
Cyclic voltammetric responses recorded for standard NHgs-solutions in the
concentration range from 0 to 0.20 mmol dm~>. Solid line stands for the
response in the argon saturated (NHs-free) solution. The triangle and square
points in the working curve (Curve A) stand for the responses characteristic of
the electrolyzed solutions, nitrogen-saturated and argon-saturated,
respectively.
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atmospheric scientists, ammonia can act as pollutant and affect urban
air quality [83], we have also considered a blank experiment (Fig. 6B),
namely, by performing the electrolysis step, as before, for 2 h upon
application of the constant potential of -0.4 V but in the absence of ni-
trogen (i.e. in argon saturated solution).

In the electroanalytical approach, the voltammetric peaks, which are
characteristic of ammonia oxidation, have been developed at potentials
0.55-0.75 V, and they are well-defined (Fig. 6C). The solid black line
stands for the typical response of Pt nanoparticles in NHs-free alkaline
medium [81,84]. As expected, in the potential range from O to 0.4 V,
hydrogen adsorption peaks are developed and, at potentials higher than
0.7 V, the reversible oxidation of platinum to platinum oxides becomes
operative. In the middle, i.e., in the potential range from 0.4 to 0.7 V,
platinum exists mostly in the metallic form. When it comes to the
oxidation ammonia (Fig. 6C), it is catalyzed by metallic platinum, rather
than Pt oxides, and it proceeds to nitrogen [81,84]. Platinum oxides are
expected to inhibit the oxidation ammonia; on the other hand, judging
from the data of Fig. 6C, formation of Pt oxides tends to be suppressed in
presence of ammonia, as evident form the decreases of the oxidation
currents (at potentials higher than 0.8 V) upon increasing the
NH;s-concentration. The latter results are consistent with strong
adsorptive interactions of ammonia with platinum, particularly
Pt-oxide, surfaces in alkaline medium.

The obtained here working curve (Fig. 6A) implying proportionality
of the NHs-oxidation peak-currents on NHs-concentration has been
further used for analytical determinations. The voltammetric response
(in a form a small but single peak) characteristic of the oxidation NoRR
product (which was generated at the FeyP catalytic electrode upon
application of -0.4 V) was detected at the neighboring Pt-containing
electrode (Fig. 7A). Simple comparison of the net voltammetric-peak-
current density (Fig. 7B) with the data (i.e., the current-density values
recorded at different concentrations (working curve in Fig. 6A), the
NH;s-concentration generated following NoRR at FoP-modified electrode
was found to be on the level 0.3 mmol dm~>. When the latter value was
corrected for the potential contribution originating from the atmo-
spheric NHs-contamination, the realistic NoRR-product (NH3) concen-
tration was estimated to be equal to 0.25 mmol dm™>. The blank
experiment was performed in the same manner as in a case of Ny-elec-
trolysis (electroreduction for 2 h upon application of -0.4 V, followed by
the voltammetric stripping-type analytical determination of N2RR
product) but using argon-saturated solution. The experiment permitted
to quantify the amount of ammonia (ca. 0.05 mmol dm™>) originating
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Fig. 7. (A) Cyclic voltammetric responses recorded (at 10 mV s™1) before
(dashed line) and after (solid line) N3RR electrolysis (performed at the Fe,P-
electrode) with use of the neighboring electrode modified with CeO,-supported
Pt nanoparticles. Electrolyte: 0.5 mol dm~3 NaOH. (B) The background sub-
tracted voltammetric oxidation current recorded at CeOs-supported Pt nano-
particles in the solution following N3RR electrolysis.



B. Rytelewska et al.

from potential contamination that may appear the electrolysis (e.g., due
to uncontrolled leaks), electrolyte, and in such components as electrode
materials.

The appearance of a single peak at about 0.65 V at Pt-based electrode
(Fig. 7A and 7B) supports our view that NHg has been the main NoRR
product generated at the neighboring FyP-modified electrode. In
particular, no hydrazine is expected to be formed (at Fe,P) because its
oxidation would start to proceed on platinum in alkaline medium at
definitely less positive potentials, namely closer to 0.25 V [85], what
obviously has not been observed in Fig. 7A. It is noteworthy that the
appearance of some oxidation currents at potentials higher than 0.9 V
(compare solid and dashed lines in Fig. 7A) most likely reflects the
Pt-oxide-induced oxidation of the reaction intermediates which are
formed during oxidation of NHj to nitrogen-oxo-species [86]. The latter
process does not seem to interfere with the analytical diagnosis because
it can be easily separated from that of analytical importance, namely the
voltammetric peak at about 0.65 V. The emergence of the reduction
currents at about 0.2 V in the reverse voltammetric scans (Figs. 7A and
6C) should be correlated with the reduction of the surface
nitrogen-oxo-species mentioned above (such as nitrates or nitrogen
oxides).

To get better insight into the chemical identity of the FeyP-induced
NoRR product, we performed Raman measurements (Fig. 8A) to verify
absence or presence of the adsorbates or deposits of ammonia molecules
on Pt nanoparticles (on the neighbouring electrode) depending whether
the electrolysis was performed in (a) argon or (b) nitrogen saturated
electrolytes. In this diagnostic experiment, platinum was deposited
directly onto glassy carbon, i.e., without ceria (CeO3) underlayer to
avoid complications in the interpretation of Raman spectra. For clarity
of presentation, the obtained Raman spectra were raised up in the region
from 1200 to 1750 cm ', where differences in the Raman responses
(Curves a and b) were evident (Fig. 8B). The appearance of strong signals
in all measured Raman spectra, the vibrations at 3270 cm™* and 3440
cm ! should be correlated to the OH-group stretching vibrations, sym-
metrical and asymmetrical, respectively [87,88]. The H-O-H bending
bands existing at about 1621 cm ™! were generally much less visible. In a
case of the spectrum characteristic of the electrode taken out from the
solution where the electrolysis had been performed in the presence of
argon (Na-free solution), only the bands originating from water mole-
cules were visible (Fig. 8A, Curve a). Additional bands appeared
following the electrolysis involving nitrogen (Fig. 8A, Curve b). The
peaks emerging at frequencies of 1361 and 1564 cm ™ could be assigned
to ammonium deformation (Fig. 8B, Curve b) [89,90]. Unfortunately,
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Fig. 8. Raman spectroscopic measurements performed for deposits at plati-
nized glassy carbon electrode following electrolysis at Fe,P electrode in (a)
argon-saturated and (b) nitrogen-saturated 0.5 mol dm 2 NaOH solutions. The
spectra are presented in the following regions: (A) from 700 to 4000 cm ™!, and
(B) from 1200 to 1750 cm ™.
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the main band characteristic of ammonium molecule at about 3300
em™! (corresponding to the symmetrical stretching vibrations of the N-H
bond) was damped by quite a large signal from water (Fig. 8A).
Although, the regions between 1550-1610 cm ™}, 1320 -1370 cm ™, and
the peak appearing at around 2691 cm™! are often attributed to G, D,
and to the overtone of the D mode (so-called 2D peak) of amorphous
carbon [91], their existence at our platinized electrode substrates was
unlikely. Indeed, the G and D signals mentioned above were almost
completely absent for the sample obtained following electrolysis in the
No-free solution (Fig. 8, Curve a). On the whole, the Raman data are
consistent with the formation of ammonia during electrolysis at -0.4 V in
the nitrogen-saturated NaOH electrolyte.

3.4. Efficiency, durability and dynamics of N2RR

Fig. 9 illustrates current-potential (chronoamperometric) responses
of FeyP recorded upon application of the constant potential of -0.4 V (a)
in the absence of nitrogen (i.e. in argon- saturated solution) and (b) in
the nitrogen-saturated solution. In other words, while Curve a stands for
the system’s performance toward hydrogen evolution, Curve b yields the
current response comprising both hydrogen evolution and NoRR. Rela-
tive to the analogous behavior under voltammetric conditions (Fig. 3A),
the selectivity of FeoP toward N3RR, relative to Hy-evolution, seems to
be more pronounced in chronoamperometry (Fig. 9). It is likely that,
contrary to cyclic voltammetry, which involves the Fe-catalyst’s re-
oxidation step and possibly some reorganization, in chro-
noamperometry upon application of the constant potential of -0.4 V, the
iron catalytic sites are continuously kept in the reduced state and, thus,
they are pre-conditioned and stabilized. The long-term stability and
persistence of the electrocatalytic activity of the partially reduced Fe,P
during NoRR is evident from the steady-state character of chro-
noamperometric response recorded in the presence of nitrogen (Fig. 9,
curve b). Furthermore, this well-behaved result excludes the existence of
substantial inhibiting or poisoning effects. Some current distortions
observed during chronoamperometric NoRR (Curve b), including that at
t > 6000, do not have reproducible character, and they may reflect local
structural reorganizations which do not lead to the observable degra-
dation or deactivation of the catalyst. It is likely that the theoretically
postulated interactions between the iron catalytic centers and phos-
phorous sites [51] not only activate the Ny inert molecule but also
diminish a possibility of the far-reaching passivation of the catalyst, e.g.
by accumulation of NH3 (reaction product) at the interface. While the
presence of Fe and P could be confirmed on the catalytic surfaces, we
were unable using Raman spectroscopy to comment about the chemical
identities and oxidation states of Fe and P neither before nor after the
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Fig. 9. Chronoamperometric responses recorded at Fe,P upon application of
the constant potential of -0.4 V (a) in the absence of nitrogen (i.e. in argon-
saturated solution), and (b) in the nitrogen-saturated solution.
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electrocatalytic measurements.

The estimation of Faradaic effciency for ammonia formation has
been based on the assumption that ammonia is the only N-containing
reaction product, as well as that the generation of NH3 (1 mole) is the
three-electron process (*/2N2 + 3Hz0 + 3¢~ — NHj3 + 30H"), and
formation of the competitive Hy (1 mole) is the two-electron reaction
(2H20 + 2e~ — Hy + 20H7). Based on supposition that the contribution
from hydrogen evolution is approximately on the same level in the
presence and absence of nitrogen, first, we have referred the chro-
noamperometric data of Fig. 9 and considered values of the represen-
tative steady-state currents recorded after sufficiently long time, 6500 s,
in (a) absence and (b) presence of nitrogen. To compare the respective
current values, the value characteristic of the current recorded in the
presence of nitrogen (1.03 mA cm'z) has been corrected for the contri-
bution originating from the hydrogen evolution (0.30 mA cm~2) to yield
the net-current value, 0.73 mA cm 2. By comparing the respective
current densities, it can be rationalized that ca. 70% of the flowing
current stands for NHz-formation. Remembering that different numbers
of electrons are involved in both processes, the selectivity (molar) effi-
ciency can be estimated to be on the level 62%. Furthermore, by taking
into account the amount of charge (0.46 C) transferred after the elec-
trolysis for 7200 s at the FepP-electrode (Fig. S1), correcting it for the
contribution originating from hydrogen evolution (0.14 C), we have
obtained the net-charge assigned to NHs-formation, 0.32 C. The latter
value can be recalculated to the ammount of the generated product,
1.1*107° mol of NH3. Based on the independently determined concen-
tration of ammonia, 0.025 mmol dm 3, following electrolysis in 40 cm™>
of NaOH electrolyte, the ammount of the generated NH3 was found to be
equal to ca. 1.0¥10~% mol of NHs. The obtained values, 1.110% mol
and 1.0¥10~% mol are almost identical despite uncertainty in analytical
determination or in the assumption about the hydrogen evolution dy-
namics in the presence of ammonia. On the whole, it can be stated that
the Faradaic efficiency, which in a sense is the selectivity (molar) effi-
ciency, toward production of NHg is on the level of 60%.

Furthermore, the yield rate has been estimated during NoRR elec-
trolysis at -0.4 V for 7200 s performed at FepP-modified electrode and
found to be equal to 7.5 pmol cm ™2 h™! (21 pmol m™2 s™1). Of course,
due to some uncertainty in determination and identification of NHgz as
the Ny-reaction product, the above parameters are obviously estimates.
If we consider the loading of Fe,P catalyst (4.9 mg cm™2), the NHs-yield
would reach the value of 26 ug h™! mg L. It should be remembered that,
in the latter case, the only small (surface) fraction of FeyP is electro-
active, so the yield expressed per mg of FeyP could be somewhat
underestimated. Comparison to the existing literature [2,3,8,11,12,16,
18,22] is not straightforward because the analogous parameters were
measured in different electrolytes and upon application of distinct po-
tentials. Nevertheless, having in mind the activity of the iron-group
electrocatalysts for NoRR at ambient conditions [40], the values here
are not only competitive, but they are also consistent with the reason-
ably high electrocatalytic activity of FeoP during NoRR (upon applica-
tion of -0.4 V vs RHE) in alkaline medium.

Some attention has also been paid to the performance of FeyP-
modified electrode during the NoRR electrolysis (for 7200 s; as for Figs. 9
and S1) but at different potentials, -0.5 and -0.3 V. As in a case of the
measurement at -0.4 V, by considering the amounts of charge trans-
ferred after the electrolysis (corrected for the contributions originating
from hydrogen evolution), the following yield rates, 6.9 umol cm ™2 h™!
(20 umol m2sHand 3.5 umol em 2 h! (10 umol m2shH upon
application of the more negative, -0.5 V, and less negative, -0.3 V, po-
tentials. Thus the FeyP catalyst has exhibited the highest yield rate (7.5
pmol cm ™2 h™! or 21 pmol m~2 s™?!) for ammonia generation at -0.4 V
(vs. RHE). Application of more negative potential (-0.5 V) leads to
comparable result (rather than to the efficiency increase), mainly due to
competitive hydrogen evolution that seems to be more excessive under
conditions of prolonged electrolysis, relative to the voltammetric
reduction. As expected, the yield rate significantly decreases at less
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negative potential of -0.3 V, most likely as a consequence of kinetic
limitations.

3.5. Mechanistic considerations

Both hydrogen evolution and nitrogen reduction are proton-coupled
electron-transfer reactions. In the latter case, a sequence of multiple
steps is required for the complete conversion of nitrogen to ammonia. It
is reasonable to expect that the competing two-electron hydrogen evo-
lution is likely to be kinetically preferred over the more complex multi-
step six-electron nitrogen reduction. The so called Butler—Volmer model
and the current—potential relationships and related equations, illus-
trated in a form of Tafel plots have been widely used to elucidate elec-
trocatalytic mechanisms and to provide valuable kinetic information
[92]. Although the exact value of Tafel slope characteristic of a specific
electrocatalytic NoRR process has not as yet been clearly determined,
depending on the actual importance Nj-activation and proton transfer, i.
e., of whether the first electron transfer, or the first proton transfer, is the
rate-limiting step in the electrocatalytic NoRR process, the Tafel slope of
NoRR current densities could be 60 mV per decade (mV/dec), 120
mV/dec, or larger than 120 mV/dec [93,94].

Fig. 10 shows the Tafel relationships, namely potential versus log]i|
(logarithm of current density) for NoRR at FeyP recorded in No-aturated
0.5 mol dm ™3 NaOH. There are two distinctive regions in the Tafel plot
characterized by different slopes, ca. 37 mV dec ™! and 350 mV/dec. This
result is consistent with the view that the rate determining steps in the
N2RR mechanism change depending on the applied potential. The small
Tafel slope (~37 mV/dec), which is observed initially (Fig. 10, line a), i.
e., in the potential range 0.25-0.30 V, may imply faster kinetics or better
catalytic activity at lower overpotentials where the competing hydrogen
evolution is not so advanced. But the much larger slope (~350 mV
dec™!) observed at potentials exceeding 0.35 V (Fig. 10, line b) may
reflect some decrease of activity at larger overpotentials due to the
catalyst partial deactivation, e.g., through poisoning with NH3-product
or existence of competitive hydrogen evolution. It is difficult to postu-
late degradation of the catalyst under such conditions because its pre-
conditioning at -0.4 or -0.5 V tends to increase its activity. The high Tafel
slope values in 0.5 mol dm™3 NaOH may suggest that limitations in
proton availability and transfer, or discharge, could be the rate-
determining step on the surface of a catalyst [95]. Remembering that
both hydrogen evolution and NoRR appear in the same potential range,
it is likely that hydrogenation of the adsorptively-activated Ny-molecule
involving a series of hydrogen and electron transfers is triggered by the
reductive water splitting.

It was also apparent from impedance measurements that relative
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Fig. 10. Tafel relationship for NoRR at Fe,P plotted on the basis of voltam-
metric data (background subtracted currents recorded in Np-aturated 0.5 mol
dm™3 NaOH) of Fig. 3A.
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significance of hydrogen evolution and nitrogen reduction highly
depended on electrode potential. Electrochemical impedance spectros-
copy (EIS) was employed to comment on the charge transfer resistance
(Rep) at the surface of electrocatalysts in 0.5 mol dm 3 NaOH in argon
(Ny-free) and nitrogen saturated solutions [96]. Nyquist plots, which
represent negative of the imaginary versus the real parts of the complex
impedance characteristic of the Fe,P film, were recorded upon appli-
cation of potentials ranging from -0.1 to -0.4 V vs. RHE (Fig. 11). The
characteristic semicircle type responses started to appear at -0.2 V or
lower potentials where both hydrogen evolution and nitrogen reduction
were operative. Shapes of semicircles were somewhat different in the
presence and absence of nitrogen: two impedance loops (high and low
frequency) were observed in Ny due to the fact that both NyRR and
hydrogen evolution were operative, whereas one loop appeared in Ar
where only hydrogen evolution was in force. The charge transfer re-
sistances are generally comparable in Ar and Nj saturated solutions.
However, a slight increase in the Faradaic impedance in Nj-solution
(relative to Ar-solution) observed at -0.4 V may suggest that NoRR was
somewhat more sluggish in the presence of nitrogen and could slow
down hydrogen evolution. On the other hand, the charge transfer
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resistance seemed to be somewhat lower at -0.2 V in presence of nitro-
gen, in comparison to Na-free solution, because the reaction mechanism
was apparently different upon application of the less negative potential.
On the whole, the impedance data indicate that both nitrogen reduction
and hydrogen evolution reactions occurred in parallel, and charge
transfers were determined by both processes no matter which one was
dominating or relatively more efficient.

Based on above observations, it is reasonable to expect that NoRR at
FeyP is controlled by kinetics of electron transfer, rather than by mass
transport in solution. Indeed, when the experiment of Fig. 3A has been
repeated at scan rates in the range 5-50 mV s’l, the observed Ny;RR
voltammetric currents (e.g., measured at -0.4 V) have barely increased
with growing can rate. Also the respective net, background (i.e.,
measured in argon) subtracted, voltammetric currents have been largely
independent of scan rate. Thus, it can be assumed that the present
electrocatalytic system is kinetically slow enough to be considered as
totally dependent on interfacial charge transfer rates rather than diffu-
sional mass transport. Then the classic kinetic equation is applicable
here [92,97,98]:

j = nFk,C* 3)

where j refers to current density of the background-subtracted steady-
state chronoamperometric response (in A cm™2) obtained from Fig. 9, e.
g., after 4000 s during electrolysis at -0.4 V; n is a number electrons
involved (here n = 6), F is Faraday constant (96500 C mol’l), kp is the
rate constant for NoRR in heterogeneous units (cm s’l), and C* stands
for bulk (solution) concentration (Ny-concentration, 0.72 mmol dm~3in
nitrogen-saturated 0.5 mol dm 3 NaOH). The obtained kp value is on the
level 1-2¥10~* cm s™!. Because the actual contribution from hydrogen
evolution and a value of the net NyRR current are uncertain, the present
result is approximate. Nevertheless, using the heterogeneous rate con-
stant units (in cm s 1), which are commonly used in electrochemistry to
judge about rates of electron transfers, the Fe,P system’s activity toward
N2RR in alkaline medium can be viewed as kinetically moderate. When
compared to the slow irreversible systems characterized by kp’s on the
level of 107 cm s™! or lower, the present rate constant on the level of
10~* em s~ is more than two orders of magnitude higher. On the other
hand, when compared to the dynamics of oxygen reduction at Pt elec-
trodes in acid medium [98], the present value is ca. two orders of
magnitude lower.

3.6. Validation of measurements

Our attention has also centered on verification of the quality of ni-
trogen in the feed stream. In this respect, a series of diagnostic vol-
tammetric experiments have been performed using the catalytic systems
exhibiting highly specific electroreduction activities toward potential
contaminants, such as traces of oxygen or nitrogen oxides. The actual
diagnostic experiments have involved Np-bubbling for 2 h with no
applied potential (i.e., under open circuit conditions). Here Pt nano-
particles, which are broadly studied in fuel cell research [99-101], have
been utilized to induce electrochemical reactions of potential contami-
nants (oxygen, nitrogen oxide species etc.). First, we have performed a
diagnostic experiment by recording comparative cyclic voltammograms
characteristic of Pt nanoparticles in Ar-bubbled (solid line) and in
Ny-bubbled (dashed line) alkaline (0.5 mol dm~3 NaOH) solution
(Fig. 12). The responses are typical for the interfacial behavior of Pt in
alkaline medium [84], and they are practically indistinguishable in the
presence of nitrogen and argon. In both cases, the identical hydrogen
adsorption peaks are developed in the potential range from 0 to 0.4 V,
and, at potentials higher than 0.7 V, exactly the same patterns for the
reversible oxidation of platinum to platinum oxides have been observed.
In between hydrogen peaks and formation of Pt oxides, platinum exists
mostly in the metallic form. All these three regions (potential-dependent
Pt-surface chemical identities) exhibit various electrocatalytic
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Fig. 12. Cyclic voltammograms characteristic of Pt nanoparticles in Ar-bubbled

(solid line) and in Nj-bubbled (dashed line) alkaline (0.5 mol dm™3 NaOH)

solution. Scan rate, 10 mV s~ .

properties [99-101], e.g., toward reduction of nitrogen oxides
(H-adsorption sites), reduction of oxygen (Pt° sites), or oxidation of
small organic molecules (Pt-oxide). The cyclic voltammograms of
Fig. 12 have been recorded in the enough broad range of potentials to
induce the redox reaction mentioned above, if the respective impurities
exit in the solution. The identical responses obtained for the inert argon
and the investigated nitrogen Fig. 12 imply the absence of any additional
redox processes originating from potential impurities in the Ny-gas.

Effectiveness of the electrocatalytic reductions of oxygen and nitro-
gen oxides are the most pronounced in acid (0.5 mol dm 2 H,S04)
medium. The appearance of any reduction voltammetric currents higher
than those characteristic of the behavior of Pt nanoparticles in deoxy-
genated HySO4 electrolyte (dashed lines in Figs. S2 and S3) [99-101]
would be indicative of the existence of potential contaminants. The re-
sults of the reference experiments performed in the solutions containing
oxygen (Oo) or nitrites coexisting in acid medium with nitrogen oxides,
NOy, are shown in Supplementary Information section (Figs. S2 and S3).
If any O, or NOx were present in the solution following No-bubbling for 2
h, the additional electroreduction current would appear around 0.75-0.8
V (Oy-reduction) or 0-0.3 V (NOy-reduction), respectively. All diagnostic
experiments have been repeated at least eight times in the presence of
nitrogen and argon, and the recorded cyclic voltammograms have been
practically identical (Fig. S4), i.e., no electrocatalytic currents from
additional species (potential contaminants) have been observed. In
other words, in the investigated Ny-bubbled solutions, no detectable
electrocatalytic currents have been observed at Pt electrodes that could
be attributed to traces of oxygen or NOy/nitrites.

Relative to nitrites (NO3) or NOy, Pt is a less specific catalyst for
reduction of nitrates (NO3). Although the presence of nitrates(V) or
nitrogen(V) oxides as possible contaminant is not very likely, we have
considered here and additional catalytic system, a typical porous metal
organic framework (MOF) material, HKUST-1 (Cu-BTC, where BTC
stands for benzene-1,3,5-tricarboxylate). Here the copper active sites are
coordinated by BTC linkers within octahedral cages with large cavities,
and being largely unsaturated they can act as strong adsorption sites of
importance to separation science and catalysis, including electro-
catalysis [102-104] of importance to catalysis. More details about the
HKUST-1 system used here are provided in Supplementary Information
(including Fig. S5). Fig. 13 illustrates the voltammetric behavior of the
glassy carbon electrode modified with HKUST-1 in deoxygenated
(Ar-saturated) phosphate buffer solutions (Curves a and b) in the
absence (a) and in the presence (b) of nitrates (NO3). It is evident that
the electrocatalytic system induces readily the reduction of nitrates at
potentials much more positive (starting from ca. -0.1 V), in comparison
to hydrogen evolution (starting from ca. -0.4 V). It is also noteworthy
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Fig. 13. Voltammetric behavior of the glassy carbon electrode modified with
HKUST-1 in deoxygenated (Ar-saturated) phosphate buffer solutions (Curves a
and b) in the absence (a) and in the presence (b) of nitrates (NO3). Curve ¢

stands for the response in presence of oxygen. Scan rate, 10 mV s™*.

that nitrites (NO3) are also reduced at the same potentials (for simplicity
the result is not shown here). For comparison, the system’s response in
the presence of oxygen (Curve c) is also provided: the reduction of ox-
ygen starts at the potential as positive as ca. 0.2 V. Finally, it should
mentioned that Curve a, which stands in Fig. 13 for the behavior of
HKUST-1 in the deoxygenated (Ar-saturated) electrolyte, is exactly
reproduced when the experiment is repeated under analogous condi-
tions except that the electrolyte has been saturated with nitrogen. The
results of Fig. 13 are consistent with the view that (i) nitrogen is not
electroactive (i.e., it does not undergo reduction) in the investigated
range of potentials, and (i) no responses that can attributed to the
reduction of nitrates or oxygen have been detected in Ng-bubbled so-
lutions. Once more, we have no evidence for the existence of nitrogen
oxo-species in the N-gas. Finally, on mechanistic grounds, while the set
of small surface peaks at about 0.4-0.5 V shall be attributed to the fairly
reversible Cu'/Cu! redox transition, as well as hydrogen evolution
(below -0.4 V) shall be correlated with the formation of Cu° species, it is
reasonable to expect that the electrocatalytic reductions of oxygen and
nitrates proceed at BTC-coordinated active cu' sites upon application of
sufficiently negative potentials. The topic will be a subject of separate
publication but, at present, the HKUST-1 based system has been
considered as sensing material for electrocatalytic probing of potential
contaminants.

In principle, the proposed electroanalytical approach, which is per-
formed in a sealed system (without opening of electrochemical cell),
permits reliable determination of ammonia. Special attention should be
paid to the proper insulation of the electrochemical cell from air during
electrolysis (NaRR) followed by the voltammetric determination at the
neighboring platinized electrode. Any exposure to air (e.g., through
leaks) would result in contamination not only with oxygen but also with
traces of ammonia that exist at ambient conditions [105].

The concentration of the resulting NH3 was also measured using the
indophenol blue method by recording the spectrum in the visible range
from 575 to 725 nm. Preparation of solutions for determinations was
done as described elsewhere [106]. The indophenol blue formed was
determined by absorbance at the wavelength of 650 nm. While Fig. S6A
illustrates the results for the reaction product obtained after NoRR
electrolysis for 2 h at -0.4 V (upper red spectrum) and for the blank
(background) experiment performed under analogous conditions but in
the presence of argon (lower black spectrum), Fig. S6B shows the result
for a representative standard solution of a known concentration, 0.06
mmol dm~3 NHs. Simple comparison of spectra in Fig. S6, as well as
consideration of a standard curve (absorbance = 0.130 C4 + 0.000210;
where Cy stands for NHz-concentration) showing linear regression with
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R? value of 0.9986, implied that, although the background-corrected
value of the NHs-concentration determined as NyRR product, 0.022
mmol dm~3, was comparable to that found electrochemically (0.025
mmol dm™>), the spectrophotometric method produced much higher
background response probably due more frequent exposure of the
investigated samples to air which was likely to contain NHj3 as
contaminant. Thus special attention should be paid to performing blank
measurements to control the degrees of contamination, possible uncer-
tainty and reliability of analytical determinations.

4. Conclusions

Based on the electrochemical diagnostic experiments (cyclic vol-
tammetry, long-term electrolysis, chronoamperometry), evidence is
provided for the remarkable catalytic activity of FepP toward electro-
reduction of Ny in alkaline medium. The system’s activity shall be
attributed to the formation of Fe® catalytic centers, coexisting and most
likely interacting with P sites, on surfaces of Feo;P nanoparticles or their
agglomerates. The results of both Raman spectroscopic, spectrophoto-
metric and voltammetric stripping-type (at Pt-based electrode) mea-
surements imply that, in addition to the evolution of hydrogen, NHj is
the main reaction product. Based on electrocatalytic diagnostic experi-
ments (utilizing Pt nanoparticles and HKUST-1) care has been exercised
to control purity of nitrogen gas and to probe presence of potential
contaminants such as ammonia, nitrogen oxo-species and oxygen. The
results of impedance measurements and Tafel plot analysis imply that
the dynamics of NoRR (competing with hydrogen evolution) depends on
the applied potential. Based on the classic approach to kinetic electro-
analysis, the rate constant in heterogeneous units has been found to be
on the moderate level of 1-2¥10™* cm s ! (at -0.4 V). Although the
fabrication and utilization of FeyP has not been optimized yet, the
reasonably high Faradaic efficiencies and NHs-yields have been
obtained.
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