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Abstract

The electrolysis of seawater, a significantly more abundant natural reservoir than freshwater,
stands as a promising alternative for sustainable hydrogen production, provided that the
competitive chloride electrooxidation is minimized. Herein, we propose an original material
combination to selectively trigger oxygen evolution from seawater at expenses of chlorine
generation. The target systems, based on MnO> or Mn2O3 decorated with Fe>O3z or Co304, are
fabricated by plasma enhanced-chemical vapor deposition of manganese oxides,
functionalization with Fe;O; and Co3O4 by sputtering, and annealing in air/Ar to obtain
Mn(IV)/Mn(III) oxides. Among the various options, MnO> decorated with Co30O4 yields the
best performances in alkaline seawater splitting, with an outstanding Tafel slope of =40
mVxdec! and an overpotential of 450 mV, enabling to rule out chlorine evolution. These
attractive performances, resulting from the synergistic contribution of catalytic and electronic
effects, open the door to low-cost hydrogen generation from seawater under real-world

conditions, paving the way to eventual large-scale applications.
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1. Introduction

The concept of green hydrogen economy has been increasingly considered as an alternative
scenario to suppress the release of CO; and other contaminants produced by the extensive use
of fossil fuels [1-11]. Besides being an excellent energy carrier, hydrogen can be used either in
fuel cells, or, in turn, to generate other synthetic fuels [12-16]. Among the various routes to Ha,
water electrolysis is an outstanding option [10-11,17-21], and its use has been investigated with
many electrocatalysts operated in freshwater comprising acids, bases or buffer systems [18,22-
25]. Nevertheless, the high cost of oxygen evolution catalysts, traditionally based on
rare/expensive metals (e.g. RuO», IrOo,...) and suffering from an insufficient long-term stability
[1,5,18,26], hinders the large scale diffusion of commercial electrolyzers and has stimulated
research on alternative oxide materials [6,21,24,27]. On the other hand, an additional bottleneck
hampering the widespread use of water electrolysis is the limited availability of pure H2O
feedstocks, especially in hot/arid zones [4,12,14]. A feasible route to circumvent this difficulty
is the use of seawater [ 1,12,28-30], the most Earth-abundant water reservoir (> 95% of the total
H>0), possessing also a fairly homogeneous geographical distribution [9,31-32]. In fact,
seawater electrolysis could be conveniently driven by renewable electricity (either wind-based,
or from photovoltaics) in solar energy-rich coastal/arid regions, yielding a sustainable H»
production of key importance for the future energy landscape [12-14,19,29,33]. However, the
utilization of seawater in electrolytic devices remains a challenging task especially for the
strongly demanding conditions of the anode [9,28]. In fact, the presence of an overall salt
concentration of = 3.5 wt.% [12,31-32] renders the oxidation of chloride species to Cl> (chlorine
evolution reaction, CER; 2ClI" — Cl, + 2¢’) more kinetically favorable [12,29], and hence
competitive with water oxidation to O (oxygen evolution reaction, OER; 4OH  — O + 2H>0
+ 4¢7) [9,29,34]. As a matter of fact, Cl is a major building block for both the chemical and

pharmaceutical industry not only as a disinfectant, but also to manufacture polyvinyl chloride-



based plastics and inorganic compounds, as well as to experiment and implement newly
synthesized molecules, thanks to its low cost and ease of processing. Nonetheless, it is
worthwhile noting that chlorine storage and transport are hampered by its corrosivity and
toxicity [34], and that the chlorine amount that would be produced to supply the world with
hydrogen would rapidly exceed the demand [28]. As a matter of fact, OER is a sluggish four-
electron transfer reaction, limiting the overall water splitting efficiency due to the high
overpotential (77) [5-6,35-38]. In this regard, an open challenge lies in the manufacturing of
stable anodes selectively triggering OER against CER, to boost seawater electrolysis towards
the best performances attainable with freshwater, and empower its extensive exploitation for
hydrogen production. Furthermore, hypochlorite (C1O0") formation, with an onset at 7 values
close to 480 mV, could compete with OER during the target process. This issue highlights the
need of highly active OER electrocatalysts yielding high currents in H>O electrolysis at
overpotentials well below hypochlorite formation [28].

In general, previous literature studies on seawater electrolysis can be classified into three
main types, depending on the operation: 1) under neutral conditions, with a permselective layer
on a catalyst (such as IrO») [1,34]; 2) under neutral conditions, using OER selective catalysts
[39-40]; 3) under alkaline conditions [14,28]. The latter enable the use of non-noble metal
catalysts and yield high OER selectivity [4,14,28,31-32], since the OER potential decreases
with increasing pH [28], whereas CER, with a pH-independent potential, prevails in acidic
media [9,32]. In addition, if the process is carried out in alkaline media at 7 values <480 mV,
no appreciable C1O™ formation from chloride oxidation occurs, and OER takes place exclusively
[9,14,16,31-32].

In spite of different works on anodic catalysts for seawater electrolysis [9,14,17,28],
materials selective towards OER are, in general, rather rare and suffer from a limited durability

[1,9,28-29]. A noteworthy exception is offered by abundant, low-cost and environmentally



friendly manganese oxides [19-20,33], among which MnO; [35,41-42] and Mn,0Os [33,42-43]
have been investigated by various researchers. To boost the system OER activity, a valuable
strategy is the fabrication of metal oxide-based composites, yielding an improved charge carrier
separation through the formation of heterojunctions and benefiting from synergistic catalytic
effects between the system components [2,20,44]. To date, various reports are available on OER
anodes used in freshwater comprising Mn»O3, as well as its composites with Ag [20], TiO2 [10],
Cr03 [18], C0304 [22], RuO: [2], and mixed-phase Mn2O3/MnO:> systems [16]. Other works
have proposed the use of MnO; anodes [19], as well as its composites with Au [25-26], TiO>
[35], and Fe;Os [44]. Nevertheless, the use of manganese oxide-based anodes in seawater
electrolysis has been reported only in a few cases. In this regard, the pioneering work of Bennett
[45] focused on a poorly crystallized MnO» form, whereas Izumiya et al. showed the favorable
OER effect exerted by Mn»Oj3 functionalization with WO3 [46-47]. Vos et al. [1] reported that
deposition of MnOx onto IrOx shifted the product selectivity towards O», evidencing however
that MnOx as such was catalytically inactive [1,4]. Among the possible functionalizing agents,
iron and cobalt oxides (in particular, Fe>O3 and Co304) are well-known and attractive OER
catalysts thanks to their peculiar reactivity [8,18,22,35,48-49], and their combination with Mn
oxides may provide technologically useful OER activities [23]. Nonetheless, to the best of our
knowledge, no reports on MnO; and Mn,O3 anodes functionalized with Fe oxides for OER
under dark conditions are available, whereas Co304+-Mn203 anodes have been reported only
once [22]. On this basis, the properties-activity interplay of Mn oxide-based composites
deserves further attention to develop stable and selective anodes for OER in seawater. For the
full exploitation of electrocatalyst potential in real-world end uses, the direct growth of catalysts
onto conductive substrates is a preferred choice, since loading powders with binders on current
collectors might result in high transport resistance, limited stability and modest performances
[2,8,48,50]. Specifically, a rational nano-organization design via suitable fabrication routes can

enhance electron transfer efficiency and ion diffusion rate, favorably influencing the ultimate
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system activity [8,17,43,48].

Scheme 1. Sketch of the fabrication procedure for MnO2 and Mn,0Oj3 electrodes, functionalized
with Fe2O3 or Co304, for seawater splitting. WE = working electrode; RE = reference electrode;
CE = counter-electrode.

In the present work, we report on the fabrication of stable manganese oxide-based anodes
enabling oxygen evolution from seawater electrolysis with high efficiency and selectivity. Our
attention is focused on MnO; and Mn>O3 nanosystems, eventually functionalized with Fe,Os3
or Co304 nanoparticles. The present materials are developed by means of a two-step strategy,
based on the plasma enhanced-chemical vapor deposition (PE-CVD) of manganese oxides on
fluorine-doped tin oxide (FTO)-coated glass substrates, followed by the subsequent dispersion
of Fe>O3 or Co304 by radio frequency (RF)-sputtering (Scheme 1). The final thermal treatment
under air or inert atmospheres yields the formation of MnO»- or Mn2Os-based systems,
respectively. This versatile and scalable procedure enables to tailor both the composition and

the morphology of the resulting systems and to obtain a chemically intimate contact between
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their constituents [49,51]. The latter feature, in turn, yield a reduced charge resistance, an
enhanced OER activity and guarantee an improved electrode stability [15,17].

To assess the applicative potential of the manufactured materials, after a detailed chemico-
physical characterization, the target systems were tested as anodes for the splitting of simulated
and natural seawater under alkaline conditions, similar to those of industrial electrolyzers
[9,11,14]. The obtained results show that the most favorable option is based on MnO, decorated
with Co30a4, whose performances (Tafel slope of =~ 40 mVxdec™! and overpotential of 450 mV
at 10 mAxcm™ for the best performing sample) were competitive and/or improved with respect
to most oxide systems proposed for seawater splitting so far. These issues, along with the
durability up to six months of prolonged utilization, highlight the validity of the present
preparation strategy to manufacture anode materials endowed with excellent selectivity towards

oxygen evolution.

2. Experimental Section

2.1 Material preparation

The synthesis of the target systems was performed by the initial PE-CVD of MnO> onto pre-
cleaned [9] FTO-coated glass slides (Aldrich®; =7 Qxsq!; FTO layer thickness =600 nm),
mounted on the grounded electrode of a custom-built plasmochemical reactor, whereas RF-
power (13.56 MHz) was delivered to a second electrode. Depositions were performed using
electronic grade Ar/O» plasmas, starting from Mn(hfa) TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-
2 4-pentanedionate; TMEDA = N,N,N’,N - tetramethylethylenediamine [52] as Mn molecular
precursor. Basing on previous results [53], growth processes were performed using the
following operating conditions: temperature = 300°C; RF-power = 20 W; total pressure = 1.0
mbar; duration = 60 min. The precursor was vaporized at 70°C in an external glass reservoir,

and its vapors were delivered into the reactor through an Ar flow (rate = 60 standard cubic

7



centimeters per minute (sccm)). Two independent inlets were used to introduce Ar (rate = 15
sccm) and O; (rate = 5 sccm) directly into the reaction chamber. The obtained materials were
functionalized with Fe>O3; and Co304 nanoparticles by RF-sputtering from Ar plasmas, using
Fe or Co targets (Alfa Aesar, Fe: 99.995%, thickness = 0.25 mm; Co: 99.95%, thickness = 0.30
mm) mounted on the RF electrode and the above obtained manganese oxide specimens as
substrates on the grounded electrode. Following a preliminary experiment optimization,
depositions were performed using the following settings: temperature = 60°C; RF-power = 20
W, total pressure = 0.3 mbar; Ar flow rate = 10 sccm; duration = 180 and 120 min for iron and
cobalt sputtering, respectively. The resulting materials were finally subjected to a thermal
treatment for 60 min at 500°C, in air or Ar atmosphere to obtain MnO2- or Mn>Os-based

electrodes [24], respectively.

2.2 Chemico-physical characterization

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Perkin—Elmer ®
5600ci system, using a non-monochromated AlKa excitation source (hv = 1486.6 eV).
Charging correction on binding energy (BE) values (uncertainty = + 0.1 eV) was carried out
using the Cls peak at 284.8 eV. Atomic percentages (at.%) were obtained by peak integration
using @ V5.4A sensitivity factors. Data processing involved a Shirley-type background
subtraction, and, when necessary, spectral deconvolution through the XPSPEAK 4.1 software.
Cobalt Auger parameter (o) was determined as the sum of BE(Co2p3/2) and the CoLMM Auger

peak kinetic energy (KE) [54]:

a = BE(Co2ps/2) + KE(CoLMM) (1)
Iron and cobalt molar fractions were determined as [49,51]:

Xa=((A at.%) / (A at.% + Mn at.%) x 100) 2)
where A = Fe, Co. Calculation yielded Xre = 39.0% and 16.0% for Fe>O3-MnO; and Fe>Os-
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Mn,O3 systems, and Xco = 42.0% and 12.0%, for Co304-MnO; and Co0304-Mn203 ones.

Secondary ion mass spectrometry (SIMS) analyses were carried out by means of an IMS 4f
mass spectrometer (Cameca) using a 14.5 keV Cs" primary beam (25 nA, stability = 0.3%),
rastering over a 150x150 pm? area and collecting negative secondary ions from a 7x7 um? sub-
region. Measurements were carried out in high mass resolution configuration and beam
blanking mode, using an electron gun for charge compensation. The sputtering time in the
profile abscissa was converted into depth basing on deposit thickness values measured by field
emission-scanning electron microscopy (FE-SEM) analyses. The latter were performed using a
Zeiss SUPRA 40VP instrument, at a primary beam voltage of 10 kV. The mean nanoaggregate
dimensions were evaluated using the Image]® software.

Atomic force microscopy (AFM) micrographs were collected using an NT-MDT SPM
Solver P47H-PRO instrumentation, operating in semi-contact mode and in air. Root mean
square (RMS) roughness values were calculated after image processing through background
subtraction and plane fitting, at a window size of 5x5 pm?.

X-ray diffraction (XRD) patterns were collected using a Bruker D8 Advance diffractometer
equipped with a CuKa X-ray source (A = 1.54051 A) and a Gobel mirror, at an incidence angle
of 1.0°.

Thin cross-sectional samples for transmission electron microscopy (TEM) analyses were
prepared using Helios 450s FIB/SEM (Thermo Fisher, USA) via a standard protocol by means
of focused ion beam (FIB) technique. Pre-thinned lamellas were lifted out from the target
specimen, attached to TEM grid and subsequently thinned down to electron transparency. Final
cleaning was performed with FIB operating at 5 kV and 25 pA. Whenever necessary, a
protective platinum layer was deposited during sample preparation to embed the structures and
prevent them from collapsing. TEM analyses, including high resolution TEM (HRTEM), high-
angle annular dark-field scanning TEM (HAADF-STEM), and energy dispersive X-ray

spectroscopy (EDXS) elemental mapping of Mn,Os-based electrodes were carried out on a
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double aberration corrected JEM ARM200F (200 kV) cold FEG microscope, equipped with a
large solid angle CENTURIO EDX detector, Orius CCD camera and Quantum GIF. The EDXS
mapping of MnO,-based specimens was performed using a FEI Titan® (300 kV) microscope

using a 4-detector large angle Super X setup.

2.3 Electrochemical studies

Electrochemical tests were carried out at room temperature (20°C) by an electrochemical
working station (VMP3, BioLogic Science Instruments) using a three-electrode set-up (see
Scheme 1). The FTO-supported manganese oxide-based systems were used as WEs, whereas a
Pt mesh was used as CE. Despite the use of a carbon-based counter-electrode could, in principle,
be convenient, in the present case the issue is less severe since the working electrode is an anode,
and Pt dissolution under cathodic polarization is less prone to happen, according to the electrode
potential-pH diagram (Pourbaix diagram) [55]. A Hg/HgO (MMO) electrode, typically
employed in alkaline media, was selected as the reference (RE). The inner RE solution was
regularly changed in order to avoid any undesired degradation due to CI” presence in the reaction
medium, and the RE potential was often checked against a lab electrode in order to ensure a
full reproducibility of the results obtained in repeated experiments. The obtained currents were
normalized to the electrode geometric area (1.0 cm?). Electrochemical tests were initially
performed in an alkaline-simulated seawater electrolyte (0.5 M KOH + 0.5 M NaCl) [28], and
subsequently in Mediterranean seawater picked up at the seaside of Barcelona (Spain). The
latter was used as an electrolyte after adding KOH and filtering the precipitate (mainly formed
by Mg hydroxide; final pH = 13.5). The potential was converted into the reversible hydrogen

electrode (RHE) scale by the relation [8,29,33,56]:
Erue(V) = Emmo(V) +0.059xpH + 0.111 3)

The data presented for the electrochemical characterization do not include compensation for
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the series resistance of the solution. The overpotential for oxygen evolution (77) was computed

using the formula [8,16-17,33,57]:
n (V) = Emeasured (V Vs. RHE) -1.23 (4)

where Emeasured and 1.23 are the experimental potential and the E£° value for O» evolution vs.
RHE, respectively.

Linear sweep voltammetry (LSV) measurements were performed at a scan rate of
1 mVxs™!. Tafel slopes were calculated using polarization curves by plotting potential against
log(current density). Chronoamperometry (CA) analyses were carried out for 1 h at 1.94 V (vs.
RHE), i.e. in a potential range that does not prevent hypochlorite generation (7 = 0.71 V> 0.48
V) [14,16,31-32]. The O, amount produced during OER was monitored by headspace gas
analysis using a fiber optic trace oxygen transmitter (Fibox 3 trace v3), and subsequently used
to evaluate the OER Faradaic efficiency (see the Supporting Information). The O probe was
inserted in the electrochemical compartment through a tightly sealed septum, and continuous
readings of Oy partial pressure were performed throughout each experiment. Prior each
measurement, oxygen from air was removed by fluxing N> into the reaction medium.
Immediately after CA experiments, iodide titration was used for the determination of

hypochlorite species generated during OER (see the Supporting Information).

3. Results and Discussion

3.1. Characterization of MnO: and Mn:0s-based electrodes

To obtain an insight into the chemical composition of the fabricated electrode materials
as a function of the adopted processing conditions, XPS analyses were employed. For all
specimens, Mn photoelectron peaks were well detectable (Fig. 1a-b; Fig. Sla-b), suggesting a
high dispersion of Fe- and Co-containing species into the pristine manganese oxides. For

samples subjected to annealing in air (see Scheme 1), the Mn2p peak shape and position
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confirmed the obtainment of pure MnO> (Fig. 1a; BE(Mn2p32) = 642.6 eV) [3,25,51-52,58].
The presence of Mn(IV) oxide was further supported by two important fingerprints of Mn
oxidation state, the Mn3s multiplet splitting separation (4.6 eV, Fig. Sla) [3,16,19,53] and by
the BE difference (A) between the Mn2p3» and Ols lattice components (see below; A =112.6

eV) [24,44,51].
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Figure 1. (a-d) XPS analysis of as-prepared specimens: Mn2p photoelectron peaks for MnO»-
(a) and Mn0:s- (b) based electrodes; (c) Fe2p and (d) Co2p signals for Fe2O3-MnO; and Co3Os-

MnO, samples. SIMS depth profiles for Fe;03-MnO: (e), Fe203-Mn20s (1), Co304-MnO2 (g),
Co0304-Mn203 (h).

In a different way, thermal treatments under Ar (see Scheme 1) resulted in the selective
formation of Mn,O3 (Fig. 1b; BE(Mn2p32) =641.9 eV, BE(Mn2pi12)=653.5¢V)[16,18,22,33],
as confirmed also by the Mn3s component separation (5.4 eV, Fig. S1b) [35,43,47] and by a A
value of 111.8 eV [24,50]. For both kind of systems, the Fe2p (Fig, 1c and Slc; BE(Fe2p3») =
711.0 eV) and Co2p (Fig. 1d and S1d; BE(Co2ps2) = 780.2 eV) photoelectron peaks were
consistent with the occurrence of pure FeoOs3 [15,44,59] and Co304 [11,54]. The presence of

the latter was further corroborated by the cobalt Auger parameter (o = 1552.7 eV) [49,54], and
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by the absence of shake-up satellites [22-23]. Taken together, these results highlighted the
formation of nanocomposite systems in which both the pristine manganese oxides and
Fe;03/Co304 maintained their chemical identity. For all samples, the Ols photoelectron peak
(Fig. S2) resulted from the contribution of two components at mean BE values of 530.0 eV (I)
and 531.7 eV (Il), attributable to lattice oxygen (I) and to hydroxyl groups/oxygen species
chemisorbed on surface O defects (II) [11,48,51-52,54]. The occurrence of the latter was also
supported by optical absorption analyses (see Fig. S3 and related comments). As indicated in
the caption for Fig. S2, component (II) underwent an increase with respect to the (I) on going
from bare manganese oxides to functionalized systems. Since an increased oxygen defect
content promotes a higher reactivity, the above phenomenon is deemed to enhance the
functional performances of composite electrodes with respect to the pristine Mn oxides
[3,33,41,48].

Additional information on material in-depth composition was gained by SIMS profiling (Fig.
le-h and S4). The obtained results indicated a good purity of all the developed systems, as
testified by an estimated mean C concentration lower than 75 ppm. Irrespective of the
processing conditions, the O ionic yield remained constant throughout the investigated depth
and the tailing of tin from the substrate into the deposits suggested the occurrence of Sn
diffusion triggered by thermal treatments [15]. This phenomenon, already observed in previous
works using FTO as supporting electrode material, might beneficially influence electrochemical
performances, thanks to an improved electrical conductivity [49].

As concerns Fe>Os-containing samples (Fig. 1e-f), iron and manganese curves displayed a
parallel trend, indicating an even in-depth composition and effective iron oxide dispersion
within the pristine MnO2/Mn203; network. This phenomenon, ascribed to the concurrent
contribution of manganese oxide open structure and the inherent RF-sputtering infiltration
power [49], was further boosted by the performed thermal treatment. The resulting intimate

contact between MnO2/Mn;0; and Fe;Os3 particles enables indeed to exploit their mutual
13



interplay for the target applications (see below). Regarding Co3Os-containing materials (Fig.
1g-h), the outermost sample regions were Co-rich, as clearly shown by a comparison of Mn and
Co yields vs. depth. In particular, the cobalt signal underwent a progressive decrease at higher
depth values, indicating that Co3O4 was more concentrated in the near surface regions and less
efficiently dispersed into the inner ones (see also TEM and EDXS analyses). This phenomenon
may directly affect the electrocatalytic activity of the manufactured systems, as discussed

below.

Figure 2. (From left to right) Plane-view, cross-sectional FE-SEM images and AFM
micrographs for MnO, and Mn>O3 samples functionalized with Fe>2O3 and Co304.

Subsequently, efforts were dedicated to the investigation of material morphology by FE-
SEM and AFM. Both bare MnO; and Mn20O3 (mean deposit thickness = 300+40 nm (MnOx,
Fig. S5a-b) and 270+30 nm (Mn2Os3, Fig. S5d-e)) were characterized by an inherently open
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nano-organization, an important starting point to achieve the dispersion of the over-deposited
Fe;03 and Co304. In the case of MnOa», sparse quasi-1D pointed nanoaggregates (mean length
= 150+40 nm), protruding from a more compact granular underlayer, could be clearly observed.
As concerns MnyO3, the recorded micrographs displayed the presence of lamellar structures
(length = 120+40 nm), whose interconnection produced larger dendritic assemblies. For both
kinds of systems, the subsequent RF-sputtering of Fe>Oz and Co304 (Fig. 2) resulted in the
occurrence of modest morphological variations, corresponding to the formation of more
rounded aggregate features. Irrespective of the adopted processing conditions, AFM images
(Fig. S5c and f, and Fig. 2c¢.f,i,]) indicated the occurrence of multigrain structures, in line with
FE-SEM observations. The obtained root-mean-square (RMS) roughness values (= 35 nm and
25 nm for the MnO»- and Mn>Os-based nanosystems, respectively) suggested an appreciable
active area [51,53], favorably affecting the eventual electrochemical performances
[3,11,16,48].

Preliminary structural analyses by XRD evidenced diffraction peaks corresponding to f-
MnO; (Fig. S6a; 26 = 28.7°, (110); 26 = 37.4°, (101)) [60], for air-annealed samples, and of /-
Mn,0s (Fig. S6b; 26 = 23.2°, (211); 20 = 33.1°, (222); 26 = 38.3°, (400)) [61], for Ar-annealed
ones. The relatively low diffracted intensity, along with the relatively large peak width,
suggested the formation of small and defective nanocrystallites [23,51,53], in line with TEM
and XPS results. Upon functionalization by RF-sputtering, no appreciable signals related to Fe
or Co oxides could be detected, a phenomenon due to their relatively low amount and/or small
crystallite sizes, as well as to their dispersion into the pristine MnO2/Mn203 systems [15,49].
In addition, no diffraction peaks related to Mn-Fe-O or Mn-Co-O ternary phases could be
clearly observed. Nevertheless, an apparent decrease of the overall diffracted intensity after RF-
sputtering was observed and attributed to plasma-surface interactions and ion bombardment of
Mn oxides upon Fe>O3 or Co304 deposition [52-53]. This phenomenon was responsible for an

increase in the O defect content upon going from the pristine MnO; and Mn;0O3 to Co30Os- and
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Fe»0s- containing materials (see above and Fig. S2).

!
HAADF-STEI

Figure 3. (a,b) HAADF-STEM images and corresponding EDXS elemental mapping of MnK
and CoK lines for Mn203 specimens functionalized with (a) Co3O4 and (b) Fe20s. (c) Bright
field HRTEM image for a Mn2O;3 specimen functionalized with Fe2O3. The white box marks a
single Fe;O3 nanoparticle, whose enlargement is given as inset. The corresponding FT pattern
([001] zone axis) in the upper left corner of Fig. 3c reveals the occurrence of the cubic y-Fe2Os
polymorph. (d) Low magnification bright field TEM and (¢) HRTEM images of a MnyO3
sample functionalized with Co304. The white box marks a single Co3O4 nanoparticle
(enlargement given in (f)). The corresponding FT pattern ([001] zone axis) in the top left corner
of Fig. 3e indicates the presence of cubic Co30s.

To gain a deeper insight into the nanoscale structure of the present systems, TEM analyses
were undertaken on functionalized specimens (Fig. 3). Due to the inherent roughness of the
FTO substrate, the Mn20O3 deposit was characterized by the assembly of irregular dendritic
structures into high area arrays (Fig. 3a,b,d), as already evidenced by FE-SEM investigation
(see above). EDXS chemical maps in Fig. 3a-b confirmed the successful functionalization of

Mn,0Os surface with cobalt and iron oxide nanoparticles. Due to the relatively small amount of
16



the latter, the pertaining Co and Fe EDXS signals were rather weak, though still detectable
thanks to the use of a large angle, high sensitivity EDXS detector.

A careful inspection of the maps reveals that, despite both Co-and Fe-containing oxides were
dispersed over the entire dendrite-like structures, the former was more concentrated in the near-
surface regions, in accordance with the above presented SIMS data. An analogous spatial
distribution of functionalizing agents was observed in the case of MnO»-based specimens (see
Fig. S7 and related comments). A careful analysis of HRTEM images (Fig. 3c-e) enabled to
gain information on the structure of iron and cobalt oxide nanoparticles. The inset of Fig. 3c
displays a HRTEM image of a single iron oxide nanoparticle, having a mean size of ~8 nm,
whose structure corresponded to that of the cubic y-Fe2O3 (maghemite) polymorph [62] (see the
Fourier transform (FT) pattern in the inset of Fig. 3¢). The formation of this iron(Ill) oxide
polymorph, instead of the most thermodynamically stable one a-Fe>O3 (hematite), was traced
back to the non-equilibrium plasma conditions characterizing RF-sputtering [49]. The FT
analysis of cobalt oxide nanoparticle HRTEM images (Fig. 3f, mean dimensions ~4 nm)
evidenced the presence of cubic Co3z04 (Fig. 3e, inset) [63]. No ternary Mn-Fe-O or Mn-Co-O

phases could be detected, in line with XRD results.

3.2. Catalytic activity of MnO: and Mn>Os-based electrodes in simulated and natural seawater

The system electrochemical performances were first studied in simulated seawater (0.5 M
KOH + 0.5 M NacCl). Linear sweep voltammetry curves pertaining to MnO»- and Mn,O3-based
materials (Fig. 4a-b, respectively) evidenced the beneficial FeoO3 and Co304 role, since all
composites showed higher current densities and lower 7 values than bare MnO> or Mn2Os (Fig.
4c-d and Table S1). As can be observed, bare Fe2O3 and Co304 yielded appreciably lower
current densities than all the other investigated systems.

To the best of our knowledge, the electrocatalytic activities of MnO> and Mn»O3, as well

17



those of the corresponding composite systems, expressed in terms of overpotential, current
density at fixed potentials, and Tafel slope values (Table S1), are better than those reported in
previous studies for various manganese oxide-based systems, including MnO> [45], Mn2O3

[46], WO3-Mn;03 [47], (Mn-Mo0)Oy/IrO/Ti [64] and (Mn-Mo-W)O,/IrO»/Ti [65].
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Figure 4. OER performances of manganese oxide-based electrodes in simulated alkaline
seawater. (a,b). LSV curves. In (a-b), Fe2O3 and Co304 curves are also reported for comparison.
Vertical and horizontal dashed lines indicate # = 500 mV and j = 10 mAxcm™, respectively.
Current densities at different potentials (c,d) and Tafel plots (e,f) for MnO>- and Mn2Os-based
electrodes. Continuous and dashed lines indicate experimental and fitting curves, respectively.

The performance enhancement observed in composite systems could be traced back to the

concurrent contribution of different phenomena: 1) the intrinsic catalytic activity of Fe and Co
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oxides towards OER [5,7,22,35,48-49,57,66]; ii) the higher oxygen defect content (see XPS
data) [3,33,41,48]; iii) the formation of oxide/oxide heterojunctions, yielding an improved
charge carrier separation [67]. Further details regarding the role of Fe;O3; and Co3O4 on the
overall activity and a possible rationale for the higher performances of Co304-containing
systems are discussed in more detail below. The Tafel slope values (Fig. 4e-f; Table S1)
suggested a higher catalytic activity for MnO,-based materials, since these systems showed a
slope =20 mV/decade lower than the homologous Mn>Os-based ones [5,17,23,48].

A detailed analysis of Fig. 4c-d revealed that MnO;-based materials exhibited lower current
densities than Mn>Os-based ones at low potential values, whereas the opposite held for
potentials higher than = 1.8 V vs. RHE. Pokhrel et al. [42] evidenced that Mn,Os activity
outperformed all the others manganese oxides in HNO3 solution (0.1 M; pH = 1), whereas
MnO> showed the highest activity in NaOH solution (0.1 M; pH = 13). The higher catalytic
activity of MnO»-based electrodes could be explained by considering the different composition
of simulated seawater and freshwater, that have a significant influence on the resulting
performances [56,68].

Preliminary CA measurements (Fig. 5a-b) evidenced that, after an initial transient period (=
5 min), all the target materials exhibited a good stability for a total test time of 1 h. In particular,
bare MnO; resulted to be more stable than Mn2O3 (j loss = 3.9% and 4.4% for MnO> and Mn;0s3,
respectively) and, in both cases, the introduction of Co3Os4 enhanced the system stability,
resulting in a lower j decrease (Table S2). In order to attain a deeper insight into the system
long-term stability, CA experiments were repeated up to a total duration of 24 h (one day) for
all the surface-decorated MnO;- and Mn;Os-based electrodes. The obtained curves are
displayed in Fig. S8. As can be observed, after an initial current decrease, all the target
electrodes exhibited a good stability upon a more prolonged utilization. This important pre-
requisite paves the way to the eventual practical utilization of manganese oxide composite

electrodes in real-world devices (see also the comments below).
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In order to evaluate OER selectivity, the amount of O» produced during OER was measured
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Figure 5. (a,b) Chronoamperometry of MnO;- and Mn;0s-based electrodes in the OER in
simulated alkaline seawater (fixed potential of 1.94 V vs. RHE). (¢,d) O evolution rate
measured over 60 min for the best-performing samples in (a) and (b). Continuous and dashed
lines mark experimental and theoretical curves (calculated assuming 100% efficiency),
respectively. (e) Digital photographs of the reference and OER solutions for the iodometric
titration, showing the absence of ClO™ production in the latter case.

as a function of time. Fig. Sc-d display the results obtained for the best performing samples, i.e.
C0304-MnO2 and Co304-Mn203 (see Fig. S9 for the other specimens). Interestingly, both
materials yielded a Faradaic efficiency close to 100% (see also Table S2), and a total generated

0> amount of 200 and 190 pmolxcm? for Co304-MnO; and Co0304-Mn>03 specimens,
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respectively. lodometric titration data (Supporting Information) clearly indicated the absence
of any hypochlorite trace (compare the pale pink color of reference solution and colorless OER
solution in Fig. Se), thus confirming the OER selectivity of the tested systems. This result
enabled to exclude that current density variations with time could be induced by corrosive C10
species, a favorable issue for the eventual applications of the manufactured electrodes.

Basing on the promising results obtained in simulated seawater, all materials were
subsequently tested as OER anodes in Mediterranean alkaline seawater. In general, all the key
performance indicators (7 at 10 mAxcm™, j at 1.73 V vs. RHE, and Tafel slope) were inferior
than the corresponding ones obtained in simulated seawater (compare Tables S3 and S1). This
phenomenon, in line with previous studies [14,28], could be likely ascribed to the occurrence
of impurities in real seawater [29], as well as to the higher ionic strength of Mediterranean
alkaline seawater in comparison to the artificial alkaline homologous. In fact, this phenomenon
decreases the local availability of H2O molecules required for OER at the electrode/electrolyte
interface, decreasing thus the resulting O evolution rate [36]. In agreement with the above
results, LSV curves (Fig. 6a-b) evidenced the beneficial role exerted by Fe.O3 and Co0304
functionalization. In addition, Tafel slope values (Fig. S10 and Table S3) confirmed the higher
catalytic activity of MnO»-based materials, as already observed for OER in artificial seawater.
CA curves (Fig. 6¢-d) highlighted a good stability for all the investigated systems after an initial
period of =10 min. However, current density loss over time resulted higher than the one
observed in artificial seawater, a direct consequence of the more complex seawater composition
and of the already mentioned impurities presence [29].

Fig. 6e-f report the Oz amount produced throughout 1 h of chronoamperometry at 1.94 V vs.
RHE and the corresponding theoretical one for the best-performing Co3Os-containing samples.
These data indicated a Faradaic efficiency close to 100% (see Table S4), as already observed
in the case of artificial seawater, validating thus the selectivity towards OER even in natural

seawater. An analogous behavior was exhibited by all the other samples (see Fig. S11). To
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attain additional information on the stability of the present materials, the target systems were
stored at room temperature in air for six months and tested as OER anodes every 90 days. The
obtained results (Fig. S12) revealed no significant current density variations, evidencing a good
stability of the target anodes. This issue, further corroborated by XPS measurements performed
after six months of electrochemical tests (Fig. S13; compare with Fig. 1a and d and Fig. S1 and

S2), enabled to rule out a significant material dissolution/degradation.

3 (a : 30 :
12 (@) i 12 (®) '
N /2 I Ny
o 8__ Mn02 ! 8—_ Mn203 '
T 7 Fe,05-MnO, : ] Fe,05-Mn,0; |
Z 3 Co;0,MnO, 3 Co030,-Mn,0; '
4 4 !
0__|IIII|IIII|IIII|IIII|IIII|IIIII|IIII|I 0__ll|||||||I|IIII|IIII|IIII|IIIII|IIII|I
1.2 1.4 1.6 1.8 1.2 1.4 1.6 1.8
Ewe (V) vs RHE Ewe (V) vs RHE
20 20
j© 1@
155 15—
NE :l -
L 7] _Zl
<€ —]
5 5
O__llllI|IIII|IIII|IIII|IIII|IIII| 0__IIIII|IIIIIIIII|IIII|IIII|IIII|
0 20 40 60 0 20 40 60
Time (min) Time (min)
120 120
S O 1
L B z I
) 3 E z
i A 7
i 80 - 80 ]
o — A
@ - -
[$] . 7
S 40 403
o . ]
s i
S 3 :
_IIIII|IIII|IIII|IIII|I||||||||| 0_l||||||||||||||||||||||||||||||
0 20 40 60 0 20 40 60
Time (min) Time (min)

Figure 6. Electrochemical OER performances of manganese oxide-based electrodes in
Mediterranean alkaline seawater. (a,b) LSV curves. Vertical and horizontal dashed lines
indicate # = 500 mV and j = 10 mAxcm™, respectively. (c,d) Chronoamperometry of MnO»-
and Mn0Os-based electrodes. (e,f) Oz evolution rate per unit area measured over 60 min for the
best-performing Co3z04-containing samples in (a) and (b). Continuous and dashed lines indicate
the experimental and theoretical curves, respectively.
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As a matter of fact, the occurrence of surface reconstruction phenomena under
electrochemical conditions has been reported in the literature for MnO;- and Mn;Os-based
materials [69-72]. In general, surface reconstruction can involve morphological, structural and
electronic alterations in manganese oxides, as well as variations of Mn valence state and
generation of surface defects, appreciably influencing the ultimate system electrochemical
performances [69-72]. However, in this work, the experimental data reported in Fig. S8, S12
and S13 reveal a good operational stability of all manganese oxide composite electrodes,
suggesting that surface reconstruction phenomena have a modest effect in the present case.

Taken together, the experimental results discussed so far highlight the positive effect exerted
by manganese oxide functionalization with iron and cobalt oxides on the ultimate OER
performances. To date, different works have investigated the electrocatalytic activity of iron
and cobalt oxides, in particular Fe;O3; and Co0304 [5,7,22,35,48-49,57,66], and the latter has
been reported to yield higher OER performances than the former, in line with the well-known
Co304 functional activity as heterogeneous catalyst in a variety of oxidation reactions [5-
7,21,66]. Nevertheless, other studies highlighted that the functionalization/doping with Fe,
instead of Co, resulted in a higher activity enhancement of the resulting composite material
[8,27,66]. The question that now raises is: why does Co0304 introduction result in a higher
performance enhancement with respect to the case of Fe,O3? The answer is based on the
concurrent contribution of catalytic, and electronic effects, as well as on the influence of Fe,Os
or Co304 in-depth spatial distribution. In this regard, Fig. 7 proposes a rational mechanism
based on the results collected through the multi-technique characterization performed in the
present work. The green square contains a sketch of the catalytic effect, in which the arrow
thickness is proportional to the current density produced at a specific reaction site. In particular,
the thin yellow arrow marks electrons originating during OER from bare MnOz or Mn;0s3,
whereas the homologous thick one indicates electrons produced by composite materials. As

anticipated, another concurrent phenomenon contributing to the material activity 1s the
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formation of heterojunctions between the pristine oxide (MnO; or Mn;0s3) and the
functionalizing agents (Fe2O3 or Co304), resulting in an improved separation of charge carriers
and in a higher OER activity (electronic effect, blue square in Fig. 7). At the p-n heterojunctions
(C0304/MnO> and Co304/Mn,03), electrons in MnO> or Mn2O3 (n-type semiconductor) will
flow to Co304 (p-type semiconductor) [67]. In a different way, at n-n heterojunctions
(Fe203/MnO; and Fe2O3/Mn03), electrons will flow from the higher energy conduction band

of MnO2 or Mn2O3 to the lower- energy one (Fe203) [67].

Catalytic effect Electronic effect Distribution effect
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Figure 7. Sketch of the concurring effects accounting for the different OER performances of
MnO;- and Mn;0s-based electrodes. MxOy = Fe203, Co304. The central panel contains a
schematic energy band diagram of Fe>O3-MnQO>, C0304-MnQ:, Fe203-Mn>O3 and Co30s-
Mn;0s systems, with approximate energy levels with respect to the RHE scale [53,59,73-74].
CB and VB mark the conduction and valence bands, respectively.

These phenomena are expected to be enhanced for Co304/MnO2 and Co0304/Mn203

heterojunctions in comparison to the homologous Fe2O3/MnO- and Fe2O3/Mn>O3 ones, due to
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the higher energy difference (AEg; Tables S5 and S6) between Co304 VB and manganese
oxides CB [67]. It is worthwhile observing that AEg values for MnO»-based composites are
higher than for Mn,Os-based ones. The above explanation could account for: 1) the enhanced
OER performances produced by functionalization with Co3QOg4, rather than Fe,Os3; ii) the higher
current densities and lower Tafel slopes for MnOx-based composites in comparison to Mn,Os-
based ones. A further contributing effect can be related to the different in-depth distribution of
Fe>O3 and Co304 in the pristine manganese oxides (distribution effect in Fig. 7). As evidenced
by SIMS analyses (see above), Fe;O3; was evenly dispersed into MnO; and Mn2Os3 (Fig. 1e-f),
whereas Co304 was more concentrated in the near surface regions of both manganese oxides
(Fig. 1g-h). In general, a higher in-depth dispersion (as for Fe>Os-containing specimens), and
the resulting intimate contact between Fe;O3 and MnO2/Mn203, can boost the system activity
thanks to the higher heterojunctions number and the reduced charge carrier transport distance
to the external circuit. On the other hand, an enhanced in-depth dispersion may prevent an
efficient diffusion and mixing of the reactant species in solution, especially at the less accessible
active sites, such as those located at grain boundaries (see the red MxOy nanoparticle in the
orange square in Fig. 7) [56]. This effect, in turn, results in the formation of pH gradients around
Fe>O3 nanoparticles during OER process [75]. As a matter of fact, the pH value has a direct
influence on aqueous electrochemical processes, and previous studies have shown that pH
variations of different units can occur near the electrode surface with respect to bulk seawater
[4,9,75]. In particular, OER activity of oxides materials increases at higher pH values [31,76].
As a consequence, the catalytic activity and in-depth dispersion of Fe;O; may be likely
counterbalanced by the pH decrease, reducing thus the OER activity of Fe2Os containing
samples (see the yellow dashed line in Fig. 7). In conclusion, the synergistical combination of
these effects provides a reasonable explanation for the higher electrocatalytic enhancement
yielded by the introduction of Co304, rather than Fe>O;. The underlying reasons can be

summarized as follows: 1) the intrinsic catalytic activity of Co3Os is higher than that of Fe2O3
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(see above); i1) oxide-oxide heterojunctions at the interface between Co304 and MnO2/Mn;03
are more proficient in enhancing charge carrier separation than the ones obtained with Fe>Os;
iii) the more pronounced concentration of Co3O4 in the near-surface regions with respect to
Fe>Os reduces pH gradient effects. In addition, the higher AEg of MnO> composites with respect
to the Mn>O3 homologues (Table S6) may explain the higher OER activity of MnO> composites

with respect to Mn>O3 ones.

3. Conclusions

In this work, MnO> and Mn;0O3 nanocomposites, functionalized with Fe>O3 or Co30s, as
anodes for seawater splitting were fabricated by an original plasma-assisted process. After the
initial growth of manganese oxides on FTO by PE-CVD, Fe;O3 and Co3;04 were introduced by
RF-sputtering. The final thermal treatment in air or inert atmospheres yielded phase-pure
MnO;- or MnyOs-based systems, endowed with a high active area, an inherent oxygen
defectivity, and an intimate contact between MnO2/Mn203 and the introduced Fe>O3 and Co30a4.
The proposed plasma-assisted procedure turned out to be versatile and powerful in the
preparation of advanced anodes for saline water splitting, with performances higher than the
pristine manganese oxides. Among the various options, Co304-MnO> was assessed as the most
appealing one, with an outstanding Tafel slope of =~ 40 mV xdec™!, current densities up to ~13
mAxcm? and an overpotential of 450 mV, below the hypochlorite formation threshold
corresponding to 480 mV. The present systems stand as highly selective anodes for O:
generation from seawater, a largely available natural resource, avoiding at the same time
chloride-induced corrosion. The resulting electrocatalytic activities, rationalized in terms of the
electronic and catalytic interplay between the single oxide constituents, were accompanied by
an attractive durability in alkaline environments. The proposed material combinations open the
door to the eventual implementation of electrodes for use in cost-effective devices enabling H»

production from seawater, facilitating hydrogen integration in the energy models of a
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decarbonized and sustainable society. In perspective, a computational investigation on the
target systems could be of key importance in order to obtain further insights into the influence
of functionalizing species on the OER mechanism, as well as into the origin of selectivity
against CER. Finally, future work will be addressed at the extension of the proposed synthetic
approach to 3D electrodes supported on porous metallic foam substrates, as well as to OER-
selective seawater electrolysis under neutral conditions, an additional open challenge for an

ultimate real-world end-use.
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