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ABSTRACT: The production of renewable feedstocks through the
coupled oxygen evolution reaction (OE R) with selective organic
oxidation requires a perfect balance in the choice of a catalyst and
its synthesis access, morphology, and catalytic activity. Herein we
report a rapid in-liquid plasma approach to produce a hierarchical
amorphous birnessite-type manganese oxide layer on 3D nickel
foam. The as-prepared anode exhibits an OE R activity with
overpotentials of 220, 250, and 270 mV for 100, 500, and 1000
mA:cm~2, respectively, and can spontaneously be paired with
chemoselective dehydrogenation of benzylamine under both
ambient and industrial (6 M KOH, 65 °C) alkaline conditions.
The in-depth ex-situ and in-situ characterization unequivocally
demonstrate the intercalation of potassium in the birnessite-type
phase with prevalent Mn'™"
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states as an active structure, which displays a trade-off b etween p orous m orphology a nd bulk

volume catalytic activity. Further, a structure—activity relationship is realized based on the cation size and structurally similar
manganese oxide polymorphs. The presented method is a substantial step forward in developing a robust MnO,, catalyst for
combining effective industrial OER and value-added organic oxidation.
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INTRODUCTION

To establish a sustainable and greenhouse gas-free future,

and chemical), inexpensive, and earth-abundant electro-
catalysts is essential and of utmost importance.”

hydrogen (H,) as a clean and high energy density feedstock
has the potential to replace conventional fossil fuels." In this
regard, electrochemical water splitting allows the generation of
pure H, (withthe easily separable byproduct oxygen) and
stores it without the use of a complicated assembly.””
How ever, in the overall w ater splitting reaction, the rate of
H, generation at the cathode largely depends on the kinetics of
the oxygen evolution reaction (OER) at the anode, which
involves energetically unfavorable four-electron consumption.”
The HER kinetics can be accelerated either by introducing
highly active OER catalysts or by replacing the OER process
with the oxidation of protic organic compounds, which indeed
decreases the required cell potentials dramatically and
maximizes the energetic efficiency.””” Th e ov erall reaction

becomes economically more beneficial when a selective value-
added oxidized product is generated instead of a low-value
oxygen. How ever, to drive both OER and selective organic
oxidation efficiently, developing active, stable (both mechanical

Since the discovery of biological water oxidation associated
with the photosystem II (PSII), Mn has gained significant
attention as an OER central metal for artificial photosynthesis
because of its suitable redox behavior in the catalytic
process.””'> However, most of the commonly used synthetic
Mn-oxide-based catalysts require a large overpotential to
generate high OER current density and deactivate rather
quickly under long-term assessment, making them industrially
unsuitable as compared to other transition metal (e.g., Ni, Co,
Fe) oxide catalysts. In OER, a layered birnessite-type MnO,
structure with large interlayer distance, adequate edge sites,
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stable Mn"" (with Jahn—Teller distortion), and short-range
structure has a tremendous impact on the catalytic activity in
the oxides.'*'37*! Keeping this in mind, enormous efforts have
been made over the past few years to synthesize numerous
crystalline or amorphous layered MnO, phases and monitor
their in-situ reconstruction as well as understand the origin of
the activity.

In addition to the catalyst’s own properties, the choice of
substrates and their adhesion to the catalyst strongly influence
the overall activity.”>~** In this context, nickel foam (NF) has
recently received wide interest as a substrate due to its rigid
and open porous network structure, mechanical strength, good
electronic conductivity with a large surface area for electro-
chemical utilization, and favorable mass transport properties.””
However, NF needs a suitable chemical binder or physical
force to bind catalyst (powder) materials. To avoid this, lately,
several binder-free techniques have been adopted;”>*°
however, most of them resulted in either low catalytic activity
or instability of the catalyst layer at high current densities.

Compared to well-established synthetic approaches, the in-
liquid (gas/liquid dual phase) plasma electrolytic oxidation
(PEO) is a rapid, nontoxic technique that generates plasma
glow discharge at the metal—electrolyte interface (MEI).
Under high applied voltages, the PEO generates a harsh
environment at the MEI (with a local temperature of 10,000 K
and a pressure inside discharge channels of about 10°—10°
MPa).””*® Such conditions are indeed ideal to form a robust
catalyst/substrate interface in the nanostructured anode that
can overcome the persistent stability problem during intensive
electrocatalytic oxidation (V < 2.0). Although PEO technique
has been widely used for thin metal coatings,””*" its utilization
to fabricate nanostructured anodes for electrocatalysis is
relatively unexplored.

By taking advantage of the PEO technique, in this study, we
considered addressing the following questions: (i) Is it possible
to deposit manganese oxide with stabilized and prevalent Mn'"
species using the in-liquid PEO technique? If so, (ii) can these
electrodes be employed as active and stable anodes for the
OER under an alkaline medium? (iii) Can the OER be
replaced by multielectron organic oxidation? (iv) Would the
anode material operate under ambient and industrially relevant
reaction conditions (6 M KOH, 65 °C), and (v) what is the
active structure and origin of the OER activity?

Herein, we report an industrially scalable and versatile in-
liqguid PEO approach that instantly forms nanostructured
birnessite manganese oxide (MnO,) films on a 3D NF surface.
The produced MnO, shows a porous hierarchical flower-like
morphology that offers high catalytic surface area correlating
with their superior electrocatalytic activity and stability toward
the OER under both ambient and industrial relevant
conditions. Furthermore, the active structure of the MnO,
electrodes has been comprehensively investigated by in-situ
and ex-situ methods and determined to be a K-birnessite-type
phase with stable Mn™ species. The role of the layered
structure in this phase is elucidated by changing the
intercalated cations, which along with structurally similar
manganese oxide polymorphs helped to draw a structure—
activity relationship and to understand deeper the origin of the
OER activity. Notably, when OER is replaced by the
dehydrogenation of benzylamine, value-added benzyl cyanide
is formed selectively and a multifold enhancement in H,
evolution occurs, demonstrating a promising technological
advantage of the paired electrolysis.

RESULTS AND DISCUSSION

Fabrication of MnO, Electrodes by PEO. The PEO
anodic in-situ deposition was carried out at 630 V electrical
charge on NF in the presence of 0.01 M Mn(OAc), (OAc =
acetate) using a simple two-electrode system as schematically
depicted in Figure la (see the Experimental Section). During
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Figure 1. (a) Schematic diagram for the synthesis of MnO,/NF
using PEO; (b) demonstration of the MnO, phase deposition
involving reactive oxygen species originating from PEO (shown in
inset) and (c) thickness variation of the MnO, layer with PEO
time. The graphical representation shows the hierarchical flower-
like MnO,, nanostructure firmly embedded on NF.

high-energy PEO, transient reactive oxygen species (O,
OH°*, H,0,) originate from the electrolyte and rapidly react
with “free” Mn" ions to deposit as manganese oxidic phase
(MnO,) onto the NF surface (Figure 1b).*!

Interestingly, the scanning electron microscopy (SEM)
investigations revealed the formation of hierarchical flower-
like porous (defined in experimental section, SI) MnO,
structures within 1 s of plasma treatment (Figure S1). We
further increased the PEO time to 10, 20, 40, and 60 s, and, in
all cases, the newly formed MnO, phase almost homoge-
neously covered the NF surface with retention of its
morphology (Figures S2—SS). The thickness of the oxide
layer was measured from an angular view of the SEM and was
found to be linearly proportional to the PEO time (Figures lc,
S1-S5). A similar trend was observed for the accumulation of
MnO, mass (per cm*) (Figure S6). Based on the OER activity
(see later), we conducted further characterizations with only
40 s PEO-treated electrode. The focused ion beam (FIB) SEM
and corresponding elemental mapping of the MnO,/NF film
cross-section confirmed that the MnO, nanostructure was
compactly embedded on the NF surface and ruled out any
incorporation of Mn in the NF structure and vice versa (Figure
2).

The newly formed MnO,, phase was X-ray amorphous and
composed of thin nanosheets that resemble well the previously
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Figure 2. (a, b) SEM images (with different magnification) of a MnO,/NF-40 specimen isolated with the FIB technique. (b) The region
marked by a blue box in “panel a”. (¢, d, e¢) EDX elemental mapping for the Mn, O, and Ni.

Figure 3. SEM image of (a) bare NF surface and (b, c) top view of MnO, nanostructures on the NF surface that was synthesized with 40 s
PEO (MnO,/NF-40), showing an open porous structure of MnO,. (d) Lateral view of a SEM image exhibiting free-standing MnO, on an NF
substrate. (e, f, g) SEM elemental mapping of Mn, O, and Ni extracted from the SEM image shown in panel d. (h, i, j) TEM image of MnO,
nanostructures with different magnifications. The inset of panel i displays the selected area electron diffraction (SAED) pattern extracted
from MnO,, which confirms to the (110) and (100) planes for birnessite-type MnO,. Thin nanosheets of the MnO, were observed in the

TEM (panel j), and based on the measurement (2—5 nm), they may consist of several layered oxide units with intercalated species (typically
observed for birnessite phase).

reported MnCat film (Figures 3, S7).*>** X-ray photoelectron the Mn""V state accompanied by a slight Mn" in the MnO,
spectroscopy (XPS) analysis confirmed the predominance of phase (Figure S8). The Mn to O atomic ratio calculated using
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Figure 4. (a) CVs of MnO,/NF electrodes at a scan rate of 2 mV s ! and (b) Cy values extracted from an analysis of CVs with varying scan
rates of MnO,/NF-40 and NF-40 electrodes in the non-Faradaic region. (c) Tafel plot of the MnO,/NF-40 electrode obtained from steady-
state measurements. (d) OER-CP at 100 mA-cm™2 (e) CVs of MnO,/NF-40 electrodes at industrially relevant elevated temperature and
electrolyte concentration. (f) OER-CP at 500 mA-cm™> with the MnO,/NF-40 anode. (g) Comparison of CV current density between
electrodeposited (ED-MnO,/NF) and plasma-mediated MnO,/NF (MnO,/NF-40) electrodes. (h) CV curve recorded in a different
electrolyte solution (LiOH, NaOH, and KOH) shows the activity increases with the size of the cation present in the electrolyte. (i) Cy
normalized CV and steady-state current density (measured with chronoamperometry) value recorded at different potentials for normalized
Tafel measurements. At the bottom of panel i, PEO times are mentioned.

SEM energy dispersive X-ray spectroscopy (EDX) was 1:1.6
(Figure S9). Further investigation on the morphology, surface,
and bulk composition of the MnO,/NF films was carried out
by SEM, transmission electron microscopy (TEM) coupled
with EDX, and XPS depth profiling (Figure 3, Figures S8—
S11), and the attained results for the as-prepared MnO, phase
closely matched the previously reported hydrated birnessite-
type structure.'>**

Electrochemical OER. The electrocatalytic OER activity of
MnO,/NF films was measured in an aqueous 1 M KOH
solution at room temperature (RT) using a standard three-
electrode setup. Depending on the PEO treatment time (1, 10,
20, 40, 60 s), the electrodes were named as MnO,/NF-1, -10,
-20, -40, and -60, respectively. Before evaluation of the OER
activities, the electrodes were activated using cyclic voltam-
metry (CV) in the range 1—1.5 Vyye until a stable current
response was achieved (Figure S12). Furthermore, electro-
deposited manganese oxide and PEO-treated NF without
Mn(OAc), (NF-40) were synthesized as the control anodes to
compare the activity and understand the structure—activity
relationship (Figures S13—S15). The electrodeposited man-

ganese oxide (ED-MnO,/NF) is also X-ray amorphous as well
as structurally and electronically similar to the plasma-derived
MnO,, (Figures S13, S14). Taking a closer look, the selected
MnO,/NF-40 exhibited multiple redox peaks in the region of
1.1-1.4 Vyyg, indicating the transformation of the valence
state of Mn from lower (Mn"/Mn™) to higher (Mn"'/Mn'""),
which was clearly distinguishable from a typical Ni"/Ni™
couple observed for NF-40 (Figure S12). The CV measure-
ments showed that MnO,/NF-40 has the optimum activity
among all PEO-treated electrodes, and the overpotentials (#7)
of this anode required to reach the current density values of
100 and 500 mA-cm™* were merely 280 and 350 mV (+10
mV), respectively (Figure 4a). The overpotential obtained here
for MnO,/NF-40 is the lowest compared to the previously
reported MnO,, catalysts in alkaline media as well as superior
to most of the transition-metal-based electrodes reported to
date (Tables S1, S2). The catalytic activity was well correlated
with the double layer capacitance (Cg) values extracted from
CVs in the non-Faradaic region (Figures S16, S17), which is
proportional to the electrochemically active surface area
(ECSA).” Within the PEO-treated electrodes, MnO,/NE-40
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displayed the highest Cy, which was even 7-fold higher as
compared to the NF-40 (Figure 4b). The Tafel slope was
estimated from the linear region of the steady-state Tafel plots.
A small slope value for MnO,/NF-40 (41 mV-dec™') was
observed as compared to NF-40. A considerably similar slope
value for all PEO-treated MnO,/NF electrodes implies that
they have the same kind of active sites and the OER rate-
limiting step,”®*” and are most likely associated with the
second electron transfer unlike NF-40 (Figures 4c, $18).**
Besides, the charge transfer resistance (R,,) for all PEO-treated
catalysts was extracted from Nyquist plots in the electro-
chemical impedance spectra (Figure S19, Table S3) and is in
line with the activity of the MnO,/NF films.

Another key activity parameter in electrocatalysis is the
durability of the catalyst under the operating conditions. It has
often been shown in the literature that MnO,-based catalysts
usually fail to generate current densities of even 10 mA-cm™
with deteriorating stability. We further chose our most active
MnO,/NF-40 electrode and performed long-term chronopo-
tentiometry (CP) tests at a current density of 100 mA-cm 2.
The result indicated no significant activity drop over 350 h
(Figure 4d). Encouraged by this result, we applied the same
electrode in industrially relevant conditions, i.e., 6 M KOH at
65 + 1 °C. The recorded CV of the MnO,/NF-40 film
displayed a multifold enhancement in current density, reachin.
more than 1000 mA-cm™ at 1.5 Viyg (Figure 4e).3
Subsequently, the OER-CP was conducted at a current density
of 500 mA-cm™? (Figure 4f) for more than 24 h, and no
significant activity drop was observed, implying its potential for
practical applications. It is worth noting that at 6 M KOH the
CV current density and Tafel slope linearly change with
temperature, which implies that the water oxidation pathway
and rate-determining steps did not alter (Figure S20). We
further investigated the activity comparison between electro-
deposited and PEO-mediated MnO,, which is structurally and
electronically similar. Interestingly, an almost S-fold higher
activity was observed for the plasma sample (Figure 4g).
Moreover, to find the impact of an electrolyte cation on the
birnessite layered structure, we tested the plasma sample under
different electrolyte media, namely, LiOH, NaOH, and KOH.
The activity increased with the size of the cation in the order of
K' > Na*> Li* (Figure 4h). This is consistent with the
previously reported results.*” The present observation helped
to build a structure—activity relationship, which is discussed in
the latter section. Furthermore, to compare the OER activity of
MnO,,/NF with benchmark catalysts, we deposited commercial
IrO, and different manganese oxide polymorphs on NF using a
chemical binder-free electrophoretic deposition technique with
a similar loading amount (0.8 mg-cm™?). The LSVs measured
under industrial conditions also confirmed a higher OER
activity of MnO,/NF-40 in comparison to those of other
commercial catalysts (Figure S21).

Post-OER ex-Situ Analysis. To find the origin of the OER
activity of the MnO,/NF-40 electrode, extensive ex-situ
characterizations were conducted. SEM images of the
MnO,/NF-40 film after OER-CP (100 mA-cm™) at ambient
conditions indicated that MnO, nanostructures are mechan-
ically stable, as they are strongly adhered to and homoge-
neously covered the NF surface (Figure $22). Importantly, the
post-OER MnO,, was also X-ray amorphous, similar to that of
the as-prepared sample (Figure S23). Moreover, we sonicated
the film in acetone to peel off a portion of MnO,
nanostructures and recorded the SEM-EDX and elemental

mapping of both the film and residual particles (Figures S24,
S25). The result showed homogeneous incorporation of
potassium (K) (almost 3%) throughout the MnO, nanostruc-
tures. Similarly, we observed the incorporation of Li and Na in
the MnO,, layer (Figures S26, S27). Moreover, the TEM image
of the particles after the OER displayed a fine, porous
morphology similar to that of the as-prepared MnO, (Figure
S28). Interestingly, a closer look at the morphology revealed
ordered layers of crystallites located discretely over the
nanostructures. After OER, a large interlayer distance of 7.2
A unequivocally confirmed the expansion of interlayer
distances due to K incorporation between oxo layers (Figures
5a, $29)," and the inverse fast Fourier transform (FFT) image
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Figure 5. (a) TEM image of post-OER (OER-CP at 100 mA-cm™?
in 1 M KOH, RT) MnO,/NF-40. The inset shows the FFT profile
extracted from the yellow marked area. The bottom images are the
inverse projection of the FFT profile extracted from the same area,
and the yellow arrows indicate the line defects in the crystallites.
(b) Quasi in-situ Raman spectra of MnO,/NF-40. In addition to
the A,(1) and A,(2) bands, two additional peaks at around 600 and
700 cm™' were also observed in the birnessite phase and can be
assigned to the stretching vibrations and degree of polymerization
of [Mn-Qg] units."**’

clearly indicated the presence of line defects within the
crystallite domains (Figures Sa, S29) that were not observed
before OER.*" A similar feature was also observed for the
industrially driven OER-CP electrode (500 mA-cm™) except
for a slightly higher incorporation of K (5%) (Figures S30—
S32). Overall, the hierarchical porous morphology of the
MnO, nanostructure after the OER remained unaltered and
did not depend on the OER condition (Figrue $33). XPS was
recorded to investigate the surface chemical state of the MnO,,
after the OER. The spectral shape of the Mn 2p under both
ambient and industrial conditions confirms no significant
difference. The mixture of Mn"™V species persists, and a slight
Mn" oxidation was unavoidable in the MnO, during the OER
(Figure S34). The O 1s spectra display two characteristic
peaks, one at 529.9 eV responsible for O*~ from Mn—O bonds
and tl:ze other at 531.3 eV related to hydroxylated Mn (Figure
$34).

Further, the surface and subsurface oxidation state of Ni was
also measured to track any changes on NF after the OER. The
PEO treatment slightly modified the NF surface and weakened
the Ni° signal (at 852.6 eV), which confirms the formation of
Ni-oxo species. After OER, the Ni® was absent and only Ni/™
species were visible (with a peak maximum at 855.5 eV)
(Figure $35).*** This surface-hydrated nickel oxide might
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also contribute to the OER activity of MnO,; however, as the
PEO reference NF-40 under identical conditions did not show
any considerable activity, we possibly could rule out its major
contribution.*>*°

Quasi in-Situ Raman Spectroscopy. As the vibrations in
the oxidic polymorphs of manganese are Raman responsive, we
aimed to elucidate the dynamic self-reconstruction and
structure of the catalytically active phase of the as-prepared
MnO, using quasi in-situ Raman analysis (Figure Sb). The
Raman spectrum before OER of the MnO,/NF-40 film
displayed multiple peaks in the region of 400—700 cm™, in
which three dominant marker bands are present, typically
observed for 5-MnO,, a layered polymorph majorly containing
a mixed Mn"™" valence state.”’>** The Raman band centered
around 578 cm ™! corresponds to an in-plane Mn—O stretching
vibration (A,(1)) along the octahedral layers in 5-MnO,, while
the two other peaks at ~500 and ~645 cm™' are associated
with out-of-plane Mn—O vibrations (A4(2)) perpendicular to
the layers.””***” All three bands, along w1th a lower frequency
phonon (LFP) band at around 198 cm™, are correlated with
the oxidation states of Mn in the [Mn-Og] unit, the interlayer
separation between the oxo-domains, and structural distortions
of the involved Mn—O environments in birnessite-type
MnO,.'*"" Interestingly, after OER (at both ambient and
industrial conditions) the higher frequency Ag(2) band
intensity increased, while the LFP band intensity at 198
cm™! decreased, which implies the formation of a K-birnessite-
type structure.' "’

The formation of the K-birnessite-type structure and its
dynamic self-reconstruction were further verified by potential-
dependent in-situ Raman analysis on the MnO,/NF-40 film
under ambient conditions (Figure S36). The results clearly
exhibited a monotonic shift of the A, (2) bands with a gradual
increase of the potential from 1.2 to 1.7 Vyyg. This suggests
that the intercalation of K between Mn-oxo layers is also
potential-dependent. Thus, it is worth noting that, during the
OER, the MnO, film still preserved the layered structure
probably with lower long-range order, higher strain, and more
defects, caused by the K intercalation and oxidation state
change. To understand the NF surface structure and MnO,,
nanostructures, Raman spectra were acquired on a sample from
which a part of the MnO,, nanostructures was removed. The
spectra revealed the formation of NiOOH with its character-
istic vibrations for the depolarized 5-mode and polarized v-
mode from the Ni—O bond in [Ni"™-Og] units (Figure
§37).45:46:50

A General Model for OER Active Structure. From the
in-depth ex-situ and in-situ analysis results, we conclude that a
porous hierarchical nanostructured birnessite-type MnO, was
formed under the PEO treatment, which was X-ray
amorphous. Upon the onset of the OER, the morphology
and the structure of MnO, apparently remained intact except
for the incorporation of K in the structure and a slight change
in the Mn oxidation state. K is incorporated as K ion
channelizing through the electrolyte and reaches in between
Mn-oxo layers to neutralize the uncompensated negative
charges.”” A similar phenomenon occurred with Li and Na
incorporation. Keeping this in mind, the higher activity of the
generated MnO, nanostructure can primarily be ascribed to
the porous morphology resulting in a large surface area (Cy
value) combined with the bulk (volume) activity that allows
the electrolyte to penetrate through the porous structure deep
inside the film close to the NF/MnO, interface.”’ The activity

difference among PEO MnO,/NF electrodes is mainly caused
by the number of redox-active centers, which differs with a
varied layer thickness (or mass) of the catalyst. Since the Cy
value of a catalyst layer reflects its bulk (volume) activity,”" the
origin of the catalytic activity was tracked by normalizing the
CV current response by Cg, which resulted in a similar current
density value with no clear trends in the polarization curve
(Figure 4i). Additionally, the Tafel slope measured after
normalizing the steady-state current with Cy concludes that
the rate- determmlng step is independent of the film thickness
(Figure 4i).°” This is certainly advantageous because a large
number of oxy-cations (mostly Mn from MnO, and maybe
also a lower amount of Ni from NF) can be involved in the
OER.> In addition to the morphology of the film, the
oxidation state and structure of the Mn-oxo clusters have a
tremendous impact on the OER. It is well known that the
active structure for MnO, comprising K-birnessite-type
polymorphs with stable and prevalent Mn™ species (Figure
6) is active for OER. The intercalation of K and water
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Figure 6. Schematic illustration of the bulk volume activity of
MnO,/NF during alkaline water oxidation. Due to the highly
porous nature of MnO,, the electrolyte percolates through MnO,,
layers and enters deeply inside near the MnO,/NF interface
(shown with black arrows). The pictorial representation shows
that the active structure is the K-birnessite-type MnO, with
intercalated K* and H,0 molecules between layered Mn-oxo
crystallites.

molecules could be decisive to allow more Mn centers to be
exposed to the electrolyte by increasing the interlayer spacing,
favoring the formation of small domains that stack in an
unordered fashion and can contain a higher number of edge
sites.”*™>® This has been further validated by the reduced
activity with a smaller cation size. K¥, with the maximum ionic
radius, causes larger inlayer spacing and thus tends to show
more bulk (volume) activity as compared to Li*. Interestingly,
not all K-birnessite-type structures are OER-active. The post-
OER electrodeposited MnO, film (ED-MnO,/NF) also
displayed homogeneous K incorporation in the MnO, layer;
however, it failed to show a similar activity to that for PEO-
derived MnO,/NF electrode (Figure S$S38). The result
concludes that a compact and dense morphology is not
beneficial for the OER. Overall, the OER-active K-intercalated
birnessite-type MnO,, comprises a homogeneous porosity with
an increased electrochemical surface area that further results in
deep electrolyte penetration and bulk volume activity, lower
charge transfer resistance, fast-redox switchability, short-range
order, small oxo domains that expose more edge sites
containing the mixed Mn"™/Mn! valence state with a large
number of p-oxo bridged structures, and plenty of water/
proton exchange sites to facilitate the O, evolution. This
observation is consistent with the proposed OER reaction
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mechanisms for the previously reported manganese oxide
catalysts in an alkaline medium.'*'*** We further conclude
that the nature of the active structure (K-birnessite) is stable
under both ambient and industrial conditions, and importantly,
abundant active Mn"™" did not convert into inactive Mn'" states
during the OER. The stability of Mn'" can also partially be
assisted by the slow disproportionation of Mn"" into Mn'" and
Mn" ions within the alkaline medium.

Electrooxidation of Benzylamine. To examine the
practical viability of the as-prepared MnO,/NF anode, we
replaced the OER reaction with the electrochemical dehydro-
genation of benzylamine (BA). This reaction offers a double
advantage by utilizing BA as a proton-donating agent for
accelerating H, production at the cathode and production of
benzyl cyanide (BC) as a value-added chemical, an important
intermediate for the sgfnthesis of pharmaceuticals and
pesticides, at the anode.*®’

The oxidation of BA (50 mM) was carried out in both
ambient and industrial conditions (Figure 7a). The LSV curve
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Figure 7. (a) Schematic representation for the dehydrogenation of
benzylamine coupled with cathodic hydrogen evolution in an
undivided cell. (b) LSV recorded at a scan rate of 2 mV s~ with
MnO,/NF-40 and bare NF in the presence of 50 mM benzylamine
solution (10 mL of 1 M KOH). (c) Temporal plot for the 'H NMR
analysis recorded with solution after bulk electrolysis at ambient
condition. The result indicated a full product formation within 30
min of the reaction. For bulk electrolysis and '"H NMR under
industrial conditions, see Figures §39, S40.

displayed a broad redox feature starting from 1.35 Vpyg
followed by a steep rise in the OER region, with the current
density value reaching 1000 mA-cm™> at 1.6 and 1.56 Vyyp
under ambient and industrial conditions, respectively (Figure
7b). The bulk electrolysis at 1.5 Vgpyp confirms that the
oxidation of BA is associated with a high anodic current
density (30 times higher than the current of the OER), which
gradually decreased with the consumption of BA (Figure 7c).
We deliberately choose this potential to confirm that all the
redox-active Mn centers transformed into higher valent Mn

(e.g,, T or IV) with minimum OER activity. The consumption
of BA and the formation of BC were monitored with successive
"H NMR spectra_of the reaction solution (Figure S30). The
full conversion of BA to BC was observed within 30 and 20
min under ambient and industrial conditions, respectively
(Figures 7c, S39). In both cases, the charge transfer quantity
was almost 190 C. The '"H NMR spectra further confirmed
that no organic intermediate was detected during bulk
electrolysis (Figure 7c). The BA to BC conversion and
corresponding Faradaic efficiency (FE) were calculated to be
99 + 5% under both conditions. The FE was calculated based
on the charge consumed for 99% conversion of BA to BC
(equivalent to 188 C). Bare NF is poorly active, and the
conversion did not reach 50% after 30 min of electrolysis. The
dehydrogenation of BA may follow a multistep pathway similar
to that of alcohol oxidation.®! Briefly, i t ¢ an u ndergo H™

transfer via highly reactive imine intermediate formation. In
the H™ transfer step, Mn""Mn"-oxo species regenerate, which
takes part in the proton-coupled electron transfer process in
the further course of the reaction (details in Scheme $1).*° In
order to investigate the influence of B A oxidation on the H,
production yield, we performed additional bulk electrolysis in a
H-cell setup. After 30 min of the electrolysis, w e estimated
almost 76 vol % of H, evolution, caused by the BA oxidation.
The H, production yield is well correlated with the
mechanistic pathw ay. These results suggest that the herein-
presented organic oxidation replacing anodic OER is an atom
and energy economic process (Figure S41).

CONCLUSION

Using a nontoxic, inexpensive, thermal glow discharge, in-liquid
PEO technique, the rapid, in-situ grow th of birnessite-type
manganese oxide can be achieved on nickel foams. The as-
synthesized manganese oxide is porous and hierarchical with
flow er-liken anostructures t hat 1 ead t 0 an increase in surface
area and the accessible number of active sites for anodic water
oxidation. Using this MnO,/NF film f or t he O ER, a high
anodic current density of 500 mA-cm™ could be achieved at
1.5 Vyye under industrially relevant conditions (6 M KOH, 65
°C), and no activity decrease could be observed for almost 350
h at 100 mA/cm?® Further, using the MnO,/NF, the water
oxidation can be replaced by the electrocatalytic dehydrogen-
ation of benzylamine, which accomplished selective production
of benzyl cyanide with an elevated anodic current density up to
1000 mA-cm™ at 1.5 Vyyg. The electrodes obtained showed
an unaffected m orphology e ven a t s trongly a nodic catalytic
conditions, as presumed since they were invigorated with much
harsher adapted conditions during the synthesis. The birnessite
MnO, show ed structurally and electronically a slight change
during electrocatalysis except for the incorporation of K. The
catalytic activity w as primarily governed by the stable and
prevalent Mn! sites, short-range structure, and porous
morphology, which assisted the increased terminal ligation of
the water molecule and bulk volume activity to access more
redox-active centers, although a minor contribution from the
NF surface cannot be completely ruled out.

EXPERIMENTAL SECTION

Plasma Electrolysis. PEO w as conducted by using a TDK-
Lambda programmable DC pow ersupply (GEN600-1.3/E, 1U,
780W, RS-232/RS-485). A LabVIEW softw are (National Instru-
ments) was used to control the power supply and record the voltage
and current data electronically. Electrolysis w as carried out in a
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double-w alled glass cell witha volume of 300 mL, equipped with
magnetic stirring and a water-cooling system to maintain the
electrolyte temperature in the range 30—45 °C. Stainless steel with
dimensions of 20 X 20 X 2 mm wasused as a counter electrode
(cathode), and NF served as the working electrode (anode). Prior to
the electrolysis, the NF electrodes were first prepared and sonicated in
85% phosphoric acid (Merck) for 1 min to remove organic
contaminants and the native oxide layer from the surface followed
by thoroughly rinsing with ultrapure water (18.2 MQ cm, TOC < 3
ppb) and drying in air before use. A polypropylene tip was used on
both sides of the NF substrate to define the treatment area and obtain
a homogeneous electric field d uring e lectrolysis. T he distance
betw een the cathode and anode was maintained at 50 mm. A 200
mL amount of a 0.01 M Mn(OAc), (>99%, Sigma-Aldrich) solution
was used as the electrolyte, which was prepared using ultrapure water
(182 MQ cm, TOC < 3 ppb). PEO was performed using a constant
630 V with different times ranging from 1 to 60 s. An intense plasma
glow discharge w asvisible during the PEO process. After the
experiment, the prepared electrodes w ere thoroughly rinsed with
ultrapure water and dried in an N, gas flow.In order to simplify the
sample description, w e have denoted the PEO-derived samples as
“MnO,/NF-PEO time”. For example “MnO,/NF-40” is the MnO,/
NF film prepared using a 40 s PEO treatment. As a reference sample,
w e used NF-40, which was prepared using 40 s of PEO treatment
w ithout Mn(OAc),. The plasma-treated area is circular w itha
diameter of S mm in the center of the NF substrate. For
electrocatalytic measurements, the untreated edges were cut off.

Electrocatalytic Measurements. The typical electrochemical
activities w ere measured using a standard three-electrode (working,
counter, and reference) system with a potentiostat (SP-200, BioLogic
Science Instruments) controlled by the EC-Lab version 10.20
softw are package. A commercial 1 M aqueous KOH solution was
used as the electrolyte. The PEO-driven and as-deposited catalysts on
NF served as the working electrodes, Pt wire (0.5 mm diameter X 230
mm length; A-002234, BioLogic) as a counter, and Hg/HgO as the
reference electrode (CH Instruments, Inc.). CV and LSV were carried
out with an applied iR compensation of 80% with a scan rate of 2 mV
s™'. The potentials presented in this w ork w ere referenced to the
reversible hydrogen electrode (RHE) through calibration and in 1 M
aqueous KOH, E(RHE) = E(Hg/HgO) + 0.098 V + (0.059 X pH) V.
The details of Tafel, ECSA, EIS, and temperature-dependent potential
calibration measurements are described in the Supporting Informa-
tion.

Electrooxidation of Benzylamine. The linear sweep voltamme-
try and bulk electrolysis w ere performed in a three-electrode setup
analogously to one of the other OER studies. The PEO-mediated
MnO,/NF electrode was directly used as the anode and a platinum
wire as the cathode in a 50 mM amine solution containing 10 mL of 1
M purified KOH solution. F or b ulk electrolysis, the C A experiment
was performed at 1.5 Viyg.
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