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Alkaline metal-air batteries are unique systems for energy storage. These devices require a bifunctional catalyst
in the positive electrode that must perform both the oxygen evolution and reduction reactions (OER and ORR,
respectively). Generally, cobalt-based oxides are employed as air electrodes; however, cobalt is a critical raw
material. Future battery devices will mandatorily need non-critical raw materials based on highly abundant
metals. Here we investigate the feasibility of iron-doped manganese oxide in the form of nanowires (Fe-MONW)
combined with carbon nanofibers. MnO, is known for being active for the ORR, however its activity towards the
OER is not yet fully understood. Carbon nanofibers (CNF) on the other hand, provide the necessary electrical
conductivity to the catalytic system. Simple methods and economic materials are employed to synthesize the Fe-
MONW/CNF composites. Our results show that there is a synergistic effect between CNF and MONW, especially
for the ORR, which manifests in an increase in the number of exchanged electrons- from 2.9 to 3.5 — and a shift in
the onset potential of 70 mV. Doping MONW with iron further enhances the catalytic activity, for both the ORR
and OER. Fe ions generate defects in the manganese oxide structure, favoring the adsorption of oxygen and
eventually enhancing the catalytic activity. Fe-doped-MONW shows onset potentials for OER comparable to the
benchmark catalyst, IrO,. The improvement on the catalytic activity is particularly evident in terms of the
reversibility gap, AE. AE is the difference between the potential when the current density is 10 mA cm~2 in OER
and the half-wave potential for the ORR, being a fundamental parameter to assess the performance of metal-air
batteries. The reversibility gap for the best catalyst, 5Fe-MONW/CNF, is AE = 922 mV (140 mV lower than non-
doped MONW/CNF and between 160 and 320 mV lower than the individual components, MONW and CNF).
Endurance tests show remarkable stability of the iron-doped MONW/CNF, with a stable potential and an even
lower AE of 800 mV for ca. 20 h of operation (charge-discharge cycles at + 10 mA cm™2).

1. Introduction

The interest of the scientific community in metal-air batteries
(MABS) is continuously increasing since MABs are considered promising
energy storage devices. MABs present high theoretical energy densities
(from 1000 Wh kg™! of Fe-air batteries to 11.000 Wh kg™! of Li-Oy
batteries) [1,2]. A wide variety of abundant metals can be used as an-
odes, e.g., Fe, Zn, Mg, Al, or Si, which is of high interest since the supply
chain of batteries’ raw materials is a significant concern [3-5]. An
additional advantage of metal-air batteries is that certain metal anodes,
like Fe or Zn, operate in aqueous alkaline media, with lower toxicity
(compared to organic electrolytes) and favoring the use of low-cost
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non-noble metals for the air electrode [5,6]. The air electrode of
aqueous metal-air batteries is responsible for reducing oxygen (during
the discharge of the battery) and oxidizing water (during the charge),
carrying out the widely known couple “oxygen reduction and oxygen
evolution reactions (ORR/OER)” [7,8]. It is generally acknowledged
that oxygen electrocatalysis is a major challenge for researchers, given
the sluggish kinetics and multiple steps of these reactions. Besides, the
OER entails a further challenge, the high operating potential (> 1.5V vs.
RHE), producing the electrochemical corrosion of the electrode com-
ponents [9,10]. These features force research into the quest for highly
active, durable, and bifunctional catalysts.

From noble metals to transition metals, several catalysts have been
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investigated in the last years for metal-air batteries [11-16]. Among
non-noble metals, cobalt-based oxides with structures such as spinels or
perovskites are widely known for their bifunctionality for ORR/OER |8,
17-22]. However, due to its use in lithium-ion cathodes, cobalt is a
critical raw material, with increasing demand and availability concerns.
Low-cost alternative metals with high activity are then sought to avoid
the use of cobalt in these devices.

Manganese oxides have been investigated as an alternative to cobalt-
based catalysts, due to their promising activities, particularly for the
ORR, and more recently, with good performances for the OER [23-25].
Yin et al.,, in a recent review, summarized the main advantages of
MnOg2-based catalysts such as the diversity of nanostructures that they
can present (tubes, sheets, rods, wires) and different crystallinity (a-, -,
¥-, 6- and A-MnOs) what confers them a high surface-area utilization and
a rich redox chemistry [26,27]. All these features provide them with an
interesting compromise of activity and stability [28]. Gu et al. investi-
gated several manganese nanostructures, determining that manganese
nanowires have the best features as ORR/OER catalysts, however, at the
expense of using ionic liquids [29]. Some authors have proved that
doping MnO, with Ni, Fe, or Co is beneficial for their activity towards
ORR and OER [28]. However, the low conductivity of these oxides is
often an issue for further application. For this reason, the mixture of
manganese-based oxides with conductive carbon materials has been
recently investigated [30]. Previous reports in the literature have shown
good performances combining MnO, with graphene, carbon nanotubes,
or carbon nanospheres [4,31-33]. For example, Levy et al. employed
CNT to improve the activity of MnQ»-catalysts for Li-O, batteries. Miao
et al. combined MnO with nitrogen-doped graphene as a flexible air
electrode for solid-state zinc-air batteries [34].

Here we propose the use of highly-graphitic CNFs as a conductive
additive for enhanced ORR/OER bifunctional catalysts based on low-
cost iron doped-manganese oxide nanowires. Low-cost catalysts based
on non-critical-raw materials are essential for developing economic and
sustainable energy storage electrochemical devices such as metal-air
batteries or regenerative fuel cells, requiring both bifunctionality and
durability.

2. Experimental
2.1. Materials and methods

All the chemicals employed were purchased as high-purity reagents
and used as received. The synthesis of manganese oxide nanowires
consisted in an easily scalable, low-cost hydrothermal process previ-
ously established by Xiao et al. [35]. Briefly, 0.63 g of KMnOy4 (99%,
Panreac) and 1.4 mL of HCl (37%, Fluka) were mixed and magnetically
stirred for 30 min in 50 mL of deionized water. Afterward, the former
solution was transferred to a Teflon-lined stainless steel autoclave,
placed in an oven for 12 h at 120°C or 140°C. Once the autoclave cooled
down, the brown precipitate obtained was collected and washed with
deionized water in a centrifuge until the waste water had a neutral pH.
The obtained powder was dried overnight at 65°C to obtain the man-
ganese oxide nanowires, named MONW-X, where X is the temperature of
the autoclave, either 120°C or 140°C. The same procedure was
employed to obtain iron-doped manganese oxide nanowires by adding
different amounts (28, 56, or 84 mg) of FeCls (97%, Sigma-Aldrich) in
the precursor solution, aiming to obtain nominal loadings of 2, 5, and 7
wt%. Fe-doped MONW will be named as X-Fe-MONW, where X is the
actual Fe loading determined by ICP.

Once obtained, MONW and Fe-doped MONW were mechanically
mixed with highly-graphitic carbon nanofibers obtained by catalytic
decomposition of methane, as described in previous reports [36].
Briefly, 300 mg of a Ni:Cu:Al;O3 (78:8:16 at. ratio) catalyst were
introduced in a fix-bed vertical quartz reactor, flowing Hy for 1 h at
550°C. Subsequently, temperature was risen up to 700°C under N at-
mosphere. Then CH4 was flowed through the reactor for 3 h to proceed
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with its catalytic decomposition, yielding the carbon nanofibers (CNF).
To obtain the Fe-MONW/CNF composites, equal amounts of MONW or
Fe-MONW and CNF were placed in an agate vase with 7 agate balls (5
mm diameter), and 10 mL of ethanol, and ball-milled for 1 h at 100 rpm.
The resulting mixture was dried overnight at 65°C.

2.2. Materials characterization

CNF, MONW, and Fe-MONW were fully characterized by several
solid-state characterization techniques. Powder X-Ray Diffraction (XRD)
was performed with a Bruker AXS D8 Advance diffractometer employing
Cu Ka radiation and a 0-0 configuration. Crystal size was calculated by
applying the Scherrer equation to the main peaks of the diffractogram.
The determination of the crystallographic phases was carried out
through Rietveld refinement. The morphology of MONW and CNF was
investigated by both transmission (TEM) and scanning (SEM) electron
microscopy. TEM images were acquired with a Tecnai F30 microscope
operated at 300 kV. The samples were ultrasonically dispersed in
ethanol for 15 min and then placed in a Cu carbon grid. SEM images
were obtained with a Hitachi 3400-N microscope with the powdered
samples directly placed on a carbon tape. Textural features of MONW
were assessed through nitrogen physisorption at — 196°C in Micro-
meritics ASAP 2020. The amount of iron was determined by inductively
coupled plasma combined with atomic emission spectrometry (ICP-AES)
using an Xpectroblue-EOP-TI FMT26 spectrometer. This technique was
also employed to determine the amount of nickel in the carbon nano-
fibers (CNF). In addition, the carbon and hydrogen content of CNF was
determined by elemental analysis (EA) in a Thermo Flash 1112 analyzer
(Thermoscientific Waltham). Finally, the chemical speciation of man-
ganese oxides was determined by X-Ray photoelectron spectroscopy in
an ESCA Plus Omicron spectrometer equipped with Mg (1253.6 eV)
anode, 225 W (20 mA, 15 kV) power and using Casa XPS as software for
the deconvolution of the peaks. Components were fitted with a
Gaussian-Lorentzian (70%—30%) curve and a Shirley function was used
for the baseline.

2.3. Electrochemical tests

The activity of MONW/CNF and Fe-doped MONW/CNF composites
was investigated towards the critical reactions for the air electrode in an
alkaline solution, i.e., the oxygen reduction and the oxygen evolution
reactions. The electrochemical experiments were carried out in a three-
electrode cell, using a graphite rod as counter-electrode, a reversible
hydrogen electrode as the reference electrode in the tests performed in
KOH 0.1 M, and a Hg|HgO reference electrode in the tests performed in
KOH 6 M. An ink composed of 5 mg of the catalyst under study, 10 pL of
binder (Nafion solution 10 wt%., Alfa-Aesar), and 490 pL of ethanol
(HPLC grade, Alfa Aesar) was prepared and deposited, drop by drop, on
top of a rotating disk electrode (RDE), with a glassy carbon tip of 5 mm
(diameter). A catalyst loading of 1018 ug cm ™2 was obtained. The cat-
alytic activity was assessed by applying linear sweep voltammetry (LSV)
from 1.0 to 0.2 V vs. RHE to investigate the ORR, with a scan rate of 5
mV s~ and varying rotating speeds from 400 to 2500 rpm and flowing
O, in the electrolyte solution (0.1 M KOH, prepared from high-purity
KOH, 99.99%, Alfa Aesar, and ultrapure water, Milli-Q, 18.2 MQ cm).
Before the ORR, LSV in nitrogen atmosphere was performed in the same
potential range and used as baseline, subtracted to the oxygen-LSV. The
OER was carried out with LSV from 1.0 to 1.9 V vs. RHE at the same scan
rate and 1600 rpm of rotating speed to remove the evolved oxygen from
the electrode. Endurance tests were carried out to investigate the sta-
bility of the catalysts, consisting in 50 cycles comprising 3 min at 1 mA
cm 2 and 3 min at — 1 mA cm ™2 at 1600 rpm rotation speed. Besides, a
Gas Diffusion Electrode (GDE) was prepared by spray-coating a 1.6 cm
diameter carbon paper piece with an ink of the same characteristics as
the one of the RDE. A coverage of 0.71 mg cm ™2 was achieved. Fifteen
ORR-OER cycles of 5 h each and current densities of — 10 mA cm ™2 and
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10 mA cm™2, respectively, were performed. The system of these tests
used KOH 6 M as an electrolyte and a Hg|HgO reference electrode.

3. Results and discussion
3.1. Materials characterization

The chemical composition of carbon nanofibers was investigated
with elemental analysis (EA) and inductive-coupled plasma spectros-
copy (ICP). Carbon nanofibers contain solely carbon (89 wt%),
hydrogen (1 wt%), and nickel (7.3 wt%, determined from ICP), from the
CNF-growth catalyst. The high carbon content is consistent with what
was observed during the growth of the CNF, as 300 mg of Ni:Cu:Al,O3
catalyst yielded approximately 3 g of CNF [36]. The chemical compo-
sition of manganese oxide nanowires was investigated by ICP, as shown
in Table 1. MONW-120 and MONW-140 have almost identical compo-
sitions (58-59 wt% Mn and around 6 wt% K), indicating that the dif-
ference in the studied temperatures has a negligible impact on the
composition of the nanowires. Potassium in the MONW comes from
KMnO4 employed during the synthesis. This potassium is present as
KoMnOy4 [35], so the amount of potassium correlates with the amount of
manganese (VI), as will be discussed later. The total amount of Mn and K
in the MONW nanowires is ca. 65%. Since no other elements are found in
these materials, the amount of oxygen in the MONW can be determined
(by difference), being ca. 35 wt%. Considering the stoichiometric for-
mula of MnOj, 36.8% is oxygen, close to 35% of our MONW. Fe-MONW
show a lower Mn content (around 50 wt%), that decreases with
increasing amount of iron, and more importantly, the K content de-
creases sharply, compared to the non-doped counterparts. Iron per-
centages in the Fe-MONW (2, 5.3, and 6.6 wt%) are close to the nominal
loadings pursued (2, 5, and 7 wt%). These samples also show a higher
amount of oxygen in their composition (calculated by difference): 39.6,
38.3, and 40.2 wt% in 2Fe-MONW-120, 5Fe-MONW-120, and
7Fe-MONW-120, respectively. This greater oxygen content can be
related to their capacity to adsorb oxygen, as will be discussed in the
next paragraphs, related to XPS analyses.

The chemical composition of MONW and Fe-MONW was also
analyzed by XPS (Fig. S1 in Supporting Information). Table 2 reports the
chemical composition of the MONW and Fe-MONW obtained from the
deconvolution of the XPS spectra.

The elements found on the surface of the nanowires were O, Mn, K,
and Fe. MONW-120 and MONW-140 differ in the amount of manganese
and oxygen. The O:Mn atomic ratio is reported in Table 3, being 4:3 for
MONW-120 and 3:1 for MONW-140. This significant difference could be
explained by the adsorbed oxygen [37]. According to Xiao et al. [38],
the synthesis of the nanorods at temperatures higher than 120 °C results
in the “dissolution or etching of the extremes of the nanorods”, slowly
transforming them into nanotubes. In the high-resolution SEM images
(Fig. S2a), we observed open ends in MONW-140, evidencing the dis-
solution/etching previously mentioned. These open ends could be
responsible for the enhanced oxygen adsorption in MONW-140.

Potassium content determined by XPS (Table 2) ranges around 2-4 at
% (corresponding to 3-6 wt% as shown in Table S1, being similar to the
bulk content reported in Table 1). On the contrary, iron is found in

Table 1

Elemental composition determined by ICP-OES of the synthesized materials.
Material wt%

Manganese Iron Nickel Potassium

CNF - - 7.3 -
MONW-120 58 - - 6.1
MONW-140 59 - - 6.7
2Fe-MONW-120 52 2.0 - 6.4
5Fe-MONW-120 53 5.3 - 3.4

7Fe-MONW-120 51 6.6 - 2.2

Catalysis Today 420 (2023) 114083

Table 2

Surface composition of the synthesized materials measured by XPS.
Material Atomic %

(6] Mn Fe K

MONW-120 55.2 41.9 - 2.9
MONW-140 72.1 23.5 - 4.4
2Fe-MONW-120 74.1 13.1 8.9 3.9
5Fe-MONW-120 74.9 12.5 10.4 2.2
7Fe-MONW-120 75.3 13.0 9.8 1.9

Table 3

O:Mn atomic ratio in the bulk (determined from ICP) and on the surface
(determined from XPS).

Material O:Mn bulk ratio O:Mn surface ratio O:Me surface
(Me = Mn+Fe)
MONW-120 2.1:1 4:3 4:3
MONW-140 2:1 3:1 31
2Fe-MONW-120 2.6:1 5.7:1 3.4:1
5Fe-MONW-120 2.5:1 6:1 3.3:1
7Fe-MONW-120 2.7:1 5.8:1 3.3:11

excess on the surface of Fe-MONW (ca. 9-10 at% corresponding to 20 wt
%, Table S1) compared to the bulk (see Table 1, from 2 to 6 wt%).

Iron-doped nanowires Fe-MONW present average O:Mn ratio around
6:1 and O:Me ratio (Me = Mn+Fe) of ca. 3.3:1, as reported in Table 3.
This indicates that iron favours oxygen adsorption, as will be discussed
later. Another interesting finding concerns iron concentration. 2Fe-
MONW-120 has an atomic bulk concentration (reported in Table S2)
of ~1 at% and a surface concentration of 8.9 at% (Table 2). 5SFe-MONW-
120 with a bulk concentration of iron of 2.5 at%, presents a higher iron
surface concentration, 10.4 at%. However, a further increase in the iron
bulk concentration does not mean a further increase in the surface
concentration, and consequently, 7Fe-MONW-120 has an iron surface
concentration of 9.8 at%. These data suggest that iron tends to accu-
mulate on the surface of the manganese oxide nanowires until a point of
saturation. This is relevant since surface chemistry tends to affect cata-
lytic processes severely.

The high-resolution spectra of the manganese 2p orbital are shown in
Fig. 1a and Fig. S3. The Mn peak shows two 2ps,, components: one
around 642.0 eV, ascribed to MnO, (Mn (IV)) and one around 644.3 eV,
ascribed to KoMnO4 (Mn (VI)). Biesinger et al. reported that pure MnO,
samples show a peak at lower binding energy, corresponding to Mn (III),
which is not observed in our samples [39]. This fact, together with the
presence of Mn (VI), means that the reduction of KMnO4 during the
synthesis is incomplete. The amount of Mn (VI) on the surface is
consequently related to the amount of potassium, as can be seen in
5Fe-MONW-120 (Fig. 1c¢) and 7Fe-MONW-120 (Fig. S3c), having a lower
concentration of both surface potassium (around 2 at%, Table 2) and Mn
(VI) (around 7-9 at%).

The analysis of the O 1s orbital allows the identification of the ox-
ygen species present on the surface of the nanowires (Figs. 1b and 1d,
and Fig. S4). Two peaks were identified: one at ~529.5 eV, corre-
sponding to lattice oxygen - either bond to Mn or Fe (peaks of manga-
nese and iron oxide appear at almost the same binding energy [40]) and,
another one around 531.1 eV, which corresponds to adsorbed oxygen,
OH’ groups or oxygen vacancies [41] (Fig. 1b). Since samples with a
larger oxygen content also have a more significant oxygen surface
content, it is fair to assume that this peak at around 531.1 eV is in fact
adsorbed oxygen. Following this idea, the lattice to adsorbed oxygen
ratio is higher in MONW-120 than in MONW-140 - 65:35 and 57:43,
respectively —, which helps to explain the observed difference in the
manganese to oxygen ratio observed in these samples. The amount of
adsorbed oxygen in the Fe-MONW is even higher, with a 50:50 ratio of
lattice to adsorbed oxygen ratio in the three iron-doped manganese
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Fig. 1. High-resolution XPS spectra of orbitals a) Mn 2p and b) O 1s, in MONW-120; ¢) Mn 2p, d) O 1s and e) Fe 2p, in 5Fe-MONW-120. Baseline subtracted in all

the spectra.

oxide nanowires (Fig. 1d and Fig. S4). In iron-containing samples, the Fe
2p orbital was also analyzed (Fig. le and Fig. S5). The position of the
main iron peaks in 2Fe-MONW-120, 5Fe-MONW-120, and
7Fe-MONW-120 at around 711.5 eV allows us to infer that the iron
species has a + 3 oxidation state, such as Fe303 or FeOOH [40]. The lack
of a satellite peak between the 2p3/» and 2p; 2 components and the gap
between them of approximately 12.5 eV is similar to the goethite XPS
spectrum [42]. These Fe>" ions create oxygen vacancies in the MnO,
lattice, which can enhance the catalytic activity of MnO» towards ORR,
as reported by Li et al. [43].

XRD studies revealed the crystalline structures of the MnO2 nano-
wires (Fig. 2). The only crystalline phase observed, obtained applying
Rietveld refinement, was a-MnOy (JCPDS: 00-044-0141) confirming
that iron ions are inserted in the manganese oxide lattice.

The addition of iron diminishes the size of the MnO; crystallite,
increasing the number of defects, as reported in Table 4. This can be
deducted from the progressive widening of the diffraction peaks with

increasing amounts of iron (Fig. 2), particularly appreciable at the (211)
peak at 37°. It must be remarked that the inclusion of Fe ions in the
a-MnO;, structure is not reflected as a shift of the peak position in the
diffractogram. The similar ionic radius of Fe3* and Mn** (73 and 67 pm,
respectively [44]) means that interplanar distances are not significantly
modified, and Bragg angles do not change. The defects induced in the
lattice by ferric ions are related to oxygen vacancies due to their lower
charge with respect that of Mn*" ions. Thse defects are not caused by the
strain ascribed to the different size between ions.

From the crystallite size values, the dislocation density (5) can be
calculated by applying Eq. (1), also reported in Table 4. The dislocation
density increases with increasing iron content. The dislocation density
represents the concentration of defects in a crystal and is defined as the
length of dislocation lines per volume [44,45]:

5=— @

D?
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Fig. 2. XRD pattern of manganese oxide nanowires and iron-doped manganese
oxide nanowires synthesized at 120°C. Miller indexes for a-MnO, are refer-
enced within the figure [47,48].

Table 4
XRD parameters (crystal size and dislocation density).

2

Material Crystallite size / nm Dislocation density / 10~ nm™
MONW-120 37.0 7.3
2Fe-MONW-120 23.3 18.4
5Fe-MONW-120 16.1 38.6
7Fe-MONW-120 14.6 46.9

XRD pattern was also obtained for CNF (Fig. S6a), where the only
observable crystalline phases are graphitic carbon and metallic nickel.
Highly graphitic carbon nanofibers are good electrical conductors and
can enhance electrochemical reactions [46].

The textural properties of CNF, MONW and MONW/CNF composites
were studied by nitrogen physisorption at 77 K (Fig. S7, and Table S3).
Carbon nanofibers show a BET surface area of 94 m? g! in accordance
with previous studies [49,50]. In the case of the MONW, the synthesis
temperature does not have a significant effect on the textural properties,
as MONW-120 and MONW-140 present surface area values of 23 m? g~!
and 24 m? g’l, respectively. Doping with iron did not significantly affect
the textural properties of MONW. Fe-MONW presented surface area
values in the same range (20-26 m?® g~!) as their non-doped
counterparts.

SEM and TEM images of the composites show the morphology of
both CNF and MONW (Fig. 3). Carbon nanofibers have a fishbone
structure, as ascertained from Fig. 3a, and diameters around 50 nm, as
appreciated in Fig. 3b. Fig. 3c shows a bunch of MONW, highly cross-
linked, with a needle-like shape. Fig. 3d shows an image at higher
magnification of an isolated MONW, with ca. 35 nm diameter and from
50 to 100 nm long. TEM images of the composite (Figs. 3e and 3f) show a
good contact between the manganese oxide and the carbon phases,
which is essential, as will be discussed in the next section. No iron
particles were detected in the HR-TEM of the Fe-MONW, which confirms
that iron is embedded in the MnO, lattice. Figs. 3g and 3h show the
particle size distribution for the MONW-120 in terms of both nanowire
diameter (Fig. 3g) and nanowire length (Fig. 3h). The statistical
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distribution was obtained by measuring over 130 nanowires. The
average nanowire diameter is around 75 nm, whereas the length is
usually around 100 nm. In addition, no significant morphological dif-
ferences were observed between the nanowires synthesized at 120 °C or
140 °C, as shown in Figs. S2b and S2c.

3.2. Electrochemical characterization

3.2.1. Activity towards oxygen reduction and evolution reactions

The performance of the catalysts towards ORR and OER was assessed
by linear sweep voltammetry (Fig. 4a). The onset potentials for ORR
(Eorr) and OER (Eqgr) were calculated as the potential when the current
density reaches — 0.1 mA cm ™2 and 1 mA cm™2, respectively. Based on
these values, the onset overpotentials for ORR (yjogg) and OER (17gz),
reported in Fig. 4b, were also calculated taking into consideration the
standard O, reduction potential, 1.23 V. Another important parameter
to assess the performance of these bifunctional catalysts is the revers-
ibility gap, AE, also reported in Fig. 4b. This value is fundamental for the
performance of the final metal-air battery device, since it directly in-
fluences the faradaic efficiency. AE is usually defined as the difference
between the potential at which OER reaches 10 mA em 2 (E10) and the
half-wave potential for the ORR (Egwp). This will be the one used in this
manuscript. Other works in the literature report AE as the difference
between the potential for the OER at 10 mA cm 2 and the potential for
the ORR at — 1 mA cm ™2 [34,51].

MONW-120/CNF composite catalyst was tested against the CNF and
MONW (Fig. 4a). The polarization curves show a synergistic effect be-
tween the manganese oxide nanowires (MONW) and the carbon nano-
fibers (CNF), which is especially notorious in ORR. MONW/CNF
composites show an onset potential shifted towards more positive values
with respect the CNF (70 mV shift) and a higher limiting current density
(-5 mA-cm 2 for the composite versus —4 mA-cm 2 for the individual
components). On the other hand, CNF and MONW-120/CNF composite
show almost the same behaviour for the OER. CNF have a 7.3 wt% of
nickel in their composition, responsible for the catalytic activity towards
the OER. To confirm this, carbon nanofibers were leached with hot
hydrochloric acid (2 h, 60 °C, under sonication) and tested again for
ORR and OER (see LSV in Fig. S8 in the supporting information). Acid-
leached CNF has a slightly lower activity towards both ORR and OER
with respect to the pristine CNF. Thus, the onset potential for the OER
for acid-leached CNF shifts more than 50 mV and for ORR more than
25 mV versus CNF, due to the presence of the catalytically active nickel
particles.

Fig. 4b shows the reversibility gap (left Y axis) and the onset over-
potentials for both the ORR and OER (right Y axis), confirming the
synergistic effect of the CNF with the MONW-120. It is evident that the
MONW/CNF composites have lower AE gaps than the individual phases
(CNF or MONW), mainly due to the poor activity of CNF towards ORR
and of MONW towards OER.

The number of electrons transferred during the ORR was calculated
applying the Levich equation (Eq. 2) to the polarization curves:

ji = 1.95nFAC;, Dy~ /%03 2)

Where j;, is the current density at the diffusional limit (E =0.2'V vs.
RHE), n is the number of electrodes transferred (2 for oxygen reduction
to Hy0, and 4 to OH), F is the Faraday constant (96485 C/mol), A is the
area of the electrode (0.196 cmz), ng is the saturation concentration of
oxygen in the electrolyte (1.21 mol m~2), Dy, is the diffusivity of oxygen
in the electrolyte (1.87 * 10 °m? s’l), v is the cinematic viscosity of the
electrolyte solution (10’6 m? s’l) and f is the rotation frecuency of the
electrode, in Hz. The ORR goes through a mechanism of 2.7 electrons for
MONW-120 and 2.9 electrons for the CNF. In the composites (MONW/
CNF), the number of electrons increases up to 3.4 for MONW-120/CNF
and 3.5 for MONW-140/CNF. These increase in the number of electrons
confirms the synergistic effect between the MONW and the CNF. The
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Fig. 3. a) HR-TEM image of a single carbon nanofiber. b) TEM image of carbon nanofibers. c) SEM image of MONW-120. d) STEM image of a single manganese oxide
nanowire (MONW-120). e) TEM image of the composite MONW-120/CNF and f) TEM image of the composite 5Fe-MONW-120/CNF, g) Particle size distribution for
MONW-120 in terms of the average nanowire diameter and h) Particle size distribution for MONW-120 in terms of the average nanowire length.
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Fig. 4. a) Polarization curves of the MONW/CNF composites, CNF and MONW materials, in a RDE at 1600 rpm in KOH 0.1 M. b) Summary of the performance of the

catalysts in terms of overpotential towards OER/ORR and reversibility gap, AE.

textural properties of the carbon nanofibers provide a surface where
oxygen can be adsorbed and then reduced. In any case, the number of
electrons for our catalysts are lower than the theoretical maximum of 4 —
achieved by the benchmark Pt/C catalyst — but still means than 75% of
the oxygen reduction occurs via the hydroxide intermediate and only
25% via the peroxide route. These results were corroborated by applying
the Levich equation to different rotation speeds (Fig. S9 and Fig. S10).
Tafel slopes (my) at low current density (<2 mA cm~2) and exchange
current densities (jo) were also obtained in order to compare the cata-
lysts and gain insight into the mechanisms of the reactions. To obtain the
kinetic current density —i.e., the intrinsic current density — the Koutecky-
Levich approach was used (Eq. 3):
1 1 1

=+ &)
J Jk JL

Where j is the observed current density (after subtracting the back-
ground) and ji is the kinetic current density to be determined.

Fig. 5a shows the Tafel plots for ORR, that range between 53 and
134 mV dec™!, with MONW-120/CNF presenting the lowest value. The
benchmark catalyst, Pt/C, has a higher slope of 84 mV dec ™!, but also a
much higher exchange current density of 4.2 * 10~ mA cm™2 against
the 9.1 * 10~° mA cm™2 of the catalyst MONW-120/CNF. The syner-
gistic effect between CNF and MONW is also reflected in their Tafel slope
values, 76 mV dec™! for the CNF and 134 mV dec ™ for the MONW, with
respect to the MONW/CNF composite presenting 53 mV dec!

According to the literature [17,52-54], the fundamental steps
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ascribed to the reduction of oxygen in alkaline media are the following:

M+ 0,=MO, 4
MO, + e =MO; %)
MO; + H,0=MO,H + OH~ (6)
MO,H + e =MO + OH~ 7
MO+ H,0 + e”=MOH + OH"~ ®
MOH + e =M + OH~ ©)

M is an adsorption site in the catalyst. According to Shinagawa et al.
[55], when the second step (Eq. 5) is the rate-determining step (RDS), a
Tafel slope of 120 mV dec ™! should be expected. The Tafel slope for ORR
in the material MONW-120 is 134 mV dec ™}, so it is a fair assumption
that the semi-reaction from Eq. 5 is the rate-determining step over
manganese nanowires. Taking a closer look at Eq. 5, a more significant
amount of adsorbed oxygen (MO;) should increase its rate, so materials
with a higher ability to adsorb oxygen would yield faster ORR. This
might explain why MONW-140/CNF has a better half-wave potential for
the ORR than MONW-120/CNF, even though they have similar onset
potentials. As was shown in the previous section, MONW-140 has a
better ability to adsorb oxygen than MONW-120. The 53 mV dec™!
slopes of composites MONW-120/CNF suggest that reaction (7) could be
the RDS, as a 40 mV dec ! followed by a 120 mV dec ! is expected when

b) 1.654
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1601 o CNF
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1 o PYC
g 1.55
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Fig. 5. Tafel plots for a) ORR and b) OER for CNF, MONW-120 and MONW/CNF-composites.
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this is the case. Electrochemical Impedance Spectra (EIS) studies were
carried out to gain a deeper insight about the RDS of ORR. See Fig. S11 in
Supporting Information.

Fig. 5b shows the Tafel slope for the OER. The benchmark IrO2
catalyst has a notably superior performance with a value of 47 mV
dec™!, while composites MONW-120/CNF and MONW-140/CNF show
slopes of 60 and 55 mV dec ™!, respectively. In this reaction, the syner-
gistic effect is less evident but still observable, as the Tafel slopes of CNF
and MONW-120 are similar (73 and 87 mV dec! respectively), but
slightly higher than those of the composites. As previously stated, nickel
on CNF is active for the OER. MONW shows poorer electrochemical
activity than CNF in the polarization curves and a lower Tafel slope. This
is explained by the higher exchange current density of CNF, 1.7 * 10~*
versus MONW-120, 1.0 * 10> mA cm ™2, mainly due to the larger sur-
face area of the CNF.

The commonly accepted route for oxygen evolution in alkaline
electrolyte is the following:

M+ OH =MOH + e~ 10
MOH +OH =MO+H,0 + e~ an
MO + OH =MOOH + e~ 12)
MOOH + OH™=MOO™ + H,0 13
MOO =M+ 0, +e” a4

According to the same study cited before [55], a Tafel slope of 40 mV
dec™! followed by a higher slope of around 120 mV dec™! - as the one
obtained with IrO; — is a sign of reaction 12 being the OER
rate-determining step. The slopes obtained with the rest of the catalysts,
around 60 mV dec ™! followed by a higher slope at higher overpotentials,
imply that the fourth step (reaction 13) is the rate-determining step.

Due to the close results obtained with MONW-120/CNF and MONW-
140/CNF and their interesting electrochemical behaviour, iron-doped
manganese oxide nanowires were synthesized at 120 °C and then
mixed with CNF to obtain iron-doped composites, Fe-MONW-120
(Fig. 6).

Doping with iron has a beneficial effect on the activity of the com-
posites, since all Fe-MONW-120/CNF composites show superior activity
to both reactions in terms of onset potential and current density. The
number of exchanged electrons, obtained from K-L plots, does not
change upon doping, in comparison to MONW/120-CNF, being 3.4 for
all the iron-doped composites. As previously stablished in Section 3.1,
iron-doped manganese oxide nanowires have defects, mainly oxygen
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vacancies, that act like active sites for ORR and OER. These defects are
also responsible for the enhanced capacity to adsorb oxygen and OH’,
which is crucial for oxygen reduction [25]. The catalyst with a 5 wt% Fe
shows the best activity for both ORR/OER with the lowest onset over-
potential and, the lowest AE value, 922 mV. AE is 140 mV lower
compared to the non-doped counterpart (MONW-120/CNF), corrobo-
rating the outstanding effect of doping with iron in the electrochemical
activity. 5Fe-MONW-120 presents the highest iron surface concentration
among the three iron-doped nanowires. Besides, it has a similar amount
of defects to 7Fe-MONW-120, but a slightly higher surface area, which
are sufficient to enhance the catalytic activity of 5Fe-MONW with
respect other samples.

Benchmark catalysts are not bifunctional, Pt/C is not a good catalyst
for the OER and IrO; is not active for the ORR. For this reason, they were
tested independently for their corresponding reactions, and AE was not
determined. Taking this into account, the differences in activity of
benchmark materials with our catalysts were compared in terms of onset
overpotential for ORR and OER, and Ey,, for the ORR. For the OER, 5Fe-
MONW-120/CNF and 7Fe-MONW-120/CNF have onset overpotentials
practically equal to IrO5 (only 5 and 3 mV higher) . On the other hand,
for the ORR, 5Fe-MONW-120/CNF and 7Fe-MONW-120/CNF present
onset overpotentials 147 mV and 155 mV higher than Pt/C, as expected,
since Pt/C is an excellent catalyst for the ORR. It must be noted that the
number of exchanged electrodes- calculated by Koutecky-Levich equa-
tion — does not significantly change in the Fe-MONW/CNF catalysts. This
suggests that iron in the manganese structure does not change the
mechanism of the reaction but somewhat changes the activation energy
of the steps of oxygen reduction.

Table 5 compares all the previously cited electrochemical parame-
ters for ORR and OER over each catalyst. The difference between the
composites for ORR is more evident when comparing the half-wave
potentials. These values are 687, 736, 765, and 735 mV for MONW-
120/CNF, 2Fe-MONWFe-120/CNF, 5Fe-MONW-120/CNF, and 7Fe-
MONW-120/CNF, respectively. 5Fe-MONW-120/CNF presents a half-
wave potential 30 mV more positive than 7Fe-MONW-120/CNF. This
is also the case when comparing the Epyp, of 5Fe-MONW-120/CNF versus
Pt/C, presenting a difference of 110 mV

Tafel slopes were also obtained for the iron-doped composites
(Fig. 7). For ORR, the four composites show similar Tafel slopes, with the
undoped composite having the lowest one, 53 mV dec™!. On the other
hand, 5Fe-MONW120/CNF - the most active composite for ORR - has a
slightly higher Tafel slope, 68 mV dec™?, but an exchange current den-
sity 1.8 * 107® mA ecm™, two orders of magnitude higher than the non-
doped composite and two orders of magnitude lower than the Pt/C
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Fig. 6. a) ORR-OER polarization curves of the iron-doped MONW/CNF composites, in a RDE at 1600 rpm in KOH 0.1 M. b) Summary of the performance of the
catalysts in terms of overpotential towards OER/ORR and reversibility gap, AE. Benchmark catalysts are also included for the sake of comparison: Pt/C for the ORR,

and IrO, for the OER.
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Table 5
Electrochemical parameters obtained from Figs. 4, 5, 6 and 7 for all the tested catalysts.
Catalyst Oxygen Reduction Reaction Oxygen Evolution Reaction AE
. ] R 4%
Enhwp Norr Ji (mA n Joorr (MA mr orr Eio Nokr Joorr (MA mropr (MV
(Vvs. (mV) cm™?) em™2) (mV (Vvs. (mV) em™2) dec™)
RHE) dec’’)  RHE)
CNF 0.66 450 4.2 29 1.8*107% 1.74 347 1.7*107* 87 1.08
76
MONW-120 0.66 387 3.9 2.7 49+*1071° 1.90 392 1.0*10°° 73 1.24
134
MONW-120/CNF 0.69 377 4.8 3.4 9.1%107° 1.75 360 1.4 *10°° 60 1.06
53
MONW-140/CNF 0.73 373 4.9 3.5 8.1%1077 1.74 361 4.2+%1077 55 1.01
70
2Fe-MONW-120/ 0.74 371 4.8 3.4 2.4%1077 1.69 331 1.1%10°° 55 0.95
CNF 63
5Fe-MONW-120/ 0.77 355 4.8 3.4 1.8*10°° 1.69 317 8.5%1077 51 0.92
CNF 68
7Fe-MONW-120/ 0.73 362 4.8 3.4 4.0%107° 1.69 315 1.3%10°° 63 0.96
CNF 74
Pt/C - IrO, 0.88 208 5.7 4.0 42%107* 1.75 312 1.0*1077 47 -
84

Enwp = Half-wave potential;; n orr = onset overpotential for the ORR (difference between the standard reduction potential and the potential at which ORR reaches
—0.1 mA cm™?); ji. = limiting current density; n = number of exchanged electrons; iy = exchange current density, mt org = Tafel slope for the ORR; E;o = potential at
10 mA cm ™2 n ogr = onset overpotential for the OER (difference between the potential at which OER reaches 1 mA cm ™2 and the standard reduction potential); mr or

= Tafel slope for the OER. AE = reversibility gap, calculated as E1o — Epwp.
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Fig. 7. Tafel plots for a) ORR and b) OER of the iron-doped MONW/CNF composites.

catalyst. There is a trend between the amount of iron and the Tafel
slopes, with the slope increasing with the iron percentage, up to 74 mV
dec™! in the 7% iron composite. The Tafel slopes for the oxygen evo-
lution show even less variability, with the composite 5Fe-MONW-120/
CNF exhibiting a slope very close to that of the benchmark catalyst,
51 mV dec™ . Only 12 mV dec ™! of difference separates the Tafel slopes
of this catalyst and that of the most active composite OER, 7Fe-MONW-
120/CNF. The latter, however, has one order-of-magnitude higher ex-
change current density, 1.3 * 107> against 8.5 * 10”7 mA cm 2. These
values are similar to what is found in literature, where values around
60 mV dec ™! are generally observed for OER over Mn catalysts [35,56,
571.

A comparison between our best catalyst (5Fe-MONW-120/CNF) and
several reported catalysts in the literature is presented in Table 6. Cat-
alysts based on similar formulations, employing both manganese and
carbon and other catalysts based on non-critical materials have been
selected (only studies performed in KOH 0.1 M were included). Our
catalyst performs relatively well in terms of reversibility against this
kind of materials, as AE in literature ranges from 0.71 to 1.20 V. Cata-
lysts obtained by Zhan et al. [58] and by Ma et al. [59], for example,
show a reversibility gap of 0.85 V. However, those materials include the

synthesis of graphene oxide by Hummer’s method and the use of
formamide, respectively, with the economical, practical and environ-
mental concerns associated to those methods. The catalyst with the
lowest reversibility gap we found in the literature [60], on its side, uses
reagents like dioxane in its synthesis, with similar issues. Other
Mn-based catalyst with low AE rely on the use of cobalt-based formu-
lations, that are not desirable either.

3.2.2. Stability tests

Accelerated degradation endurance tests were performed to screen
the durability of the best catalyst SFe-MONW-120/CNF over cycling
(Fig. 8). The tests were carried out over the same RDE at 400 rpm, with
negative and positive current densities of 1 mA cm 2 The test
comprised 50 cycles of 3 min charging (OER) and 3 min discharging
(ORR). At the beginning, the estimated overpotentials for OER (ogz)
and ORR (5pzg) are 317 and 418 mV, and the reversibility gap is
735 mV, in accordance with the one calculated from the polarization
curve in Fig. 6. The OER overpotential slowly increases from 317 to
331 mV in the 50th cycle. The ORR, on its side, showed a decrease in the
potential by cycle 27, having an average overpotential increase of
12 mV over the entire test. Adjusting linear models to the change in
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Table 6
Comparison between electrochemical parameters for the best catalyst in this
work and non-critical-materials catalysts found in literature.

Catalyst Ref. Ehwp Eio AE
(Vs (Vs W)
RHE) RHE)
5Fe-MONW-120/CNF This 0.77 1.69 0.92
work

MnCo,0,@C [61] 0.80 1.66 0.89

Electronic and defective CaMnO3 [62] 0.76 1.70 0.94
nanotubes

Iron-doped manganese oxide [35] 0.69 1.89 1.20
nanorods

Single Fe atom on S, N-Codoped [63] 0.84 1.64 0.80
Nanocarbon

Ni-Fe layer double hydroxide @ rGO [58] 0.63 1.48 0.85

Atomically dispersed Fe via Ni [59] 0.84 1.69 0.85
neighbouring

Fe/Ni dual-active sites anchored in [64] 0.87 1.59 0.71
honeycomb porous carbon material

N-doped graphene with topological [65] 0.78 1.71 0.93
defects

N, S co-doped oxygen-functionalized [66] 0.81 1.58 0.77
Vulcan XC/72

NiO-Mn,O3-carbon dots catalyst [67] 0.84 1.53 0.69

Mn-Fe-Ni oxides supported on [68] 0.81 1.57 0.76
multiwall carbon nanotubes

Ni|MnO interfaces over carboxylic- [69] 0.83 1.58 0.75
functionalized carbon nanofibers

Manganese MOF @reduced graphene [70] 0.98 1.84 0.86
oxide nanocomposite

Ultrahin amorphous MnO,-C (prawn [71] 0.97 1.59 0.77
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Fig. 8. a) Chronopotentiometric cycles over catalyst 5Fe-MONW-120/CNF.
Test carried out at + 1 mA cm ™2 for 3 min for each reaction.

overpotential, in average, the OER overpotential increases 0.26 mV per
cycle and the ORR overpotential increases 0.10 mV per cycle,
evidencing that 5Fe-MONW-120/CNF shows a really stable behavior.
Long endurance tests, shown in Fig. 9, at higher current densities
were performed in GDE to test the catalyst under more demanding and
realistic conditions, namely, + 10 mA cm 2 for both OER and ORR and
2.5 h for each reaction. For the first four cycles (20 h of operation), 5Fe-
MONW-120/CNF shows a reasonably stable behavior, with the over-
potentials for both OER and ORR increasing very slowly. However, at
the end of the fourth oxygen reduction cycle, a significant increase in the
overpotential — manifested as a sharp fall (for the ORR) and increase (for
the OER) of the measured potential — is appreciated. After this sudden
change, the overpotential for ORR increases slowly but steadily. In
contrast, the overpotential for OER stays constant until the fourteenth-

10
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fifteenth cycle when another sharp increase can be seen. This sharp
variation of the potential can be due to the excessive formation of ox-
ygen bubbles, partially covering the electrode area, which could affect to
the measuring of the potential with respect to the reference potential.
This could entail a higher applied current to the electrode, eventually
causing a higher electrode degradation. As a result, for the first four
cycles (first 20 h of operation), the reversibility gap (Fig. 9b) stays below
850 mV, reaching 950 mV during cycles 5-13 and exceeding 1000 mV
after. The combination of a sudden but sharp loss of activity (e.g., be-
tween cycles 4 and 5) and a sustained but slower deactivation suggests
two different deactivation causes or mechanisms acting simultaneously.
Post-mortem XRD analysis was performed in the GDE electrode to
investigate if a change in the crystalline phases of the electrode could be
responsible for the deactivation of the electrode (Fig. S12). No change in
the crystal phases, crystallinity, or crystal size could be observed, so the
formation of bubbles in the electrode, affecting the reference potential,
could explain the deactivation, as previously mentioned.

4. Conclusions

Bifunctional easy-synthesis oxygen catalysts composites based on
iron-doped (2-7% wt.) manganese oxide nanowires (Fe-MONW) and
carbon nanofibers (CNF) were tested as electrodes for alkaline oxygen
evolution (OER) and reduction (ORR) reactions. The Fe-MONW/CNF
composites show an enhanced activity compared to their individual
phases (CNF and MONW) and onset potentials similar to the benchmark
catalysts, especially for OER. Doping with iron reduced the onset over-
potential for both ORR and OER, leading to a decrease in the revers-
ibility gap of ca. 140 mV, reaching as low as 922 mV. The overpotential
for OER decreased monotonically with the amount of iron in the studied
range, while the overpotential for ORR reached an optimal at 5% wt.
Physical-chemical characterization determined that iron creates va-
cancies in the MnO lattice, which increases its catalytic activity by fa-
voring the adsorption of oxygen. The analysis of the Tafel slopes reveals
that combining CNF and MONW changes the rate-determining step of
the reaction. However, this does not occur by doping MONW with iron
(Tafel slopes do not change significantly). Endurance tests were also
carried out with mild and challenging conditions for the 5Fe-doped
MONW/CNF composite, which presented remarkable stability, with a
stable potential for over 20 h, keeping the reversibility gap around
800 mV, which is an outstanding result, taking into account the higher
current density employed (more challenging conditions).

The synergy between the iron-doped manganese nanostructure and
the carbon nanofiber leads to a remarkable reversibility and enhanced
performance for the oxygen reduction (ORR) and evolution (OER) re-
actions, along with a remarkable stability, a key issue for the future
implementation of this kind of devices.
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