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The design of eco-friendly electrocatalysts for ethanol valorization
is an open challenge towards sustainable hydrogen production.
Herein we present an original fabrication route to effective
electrocatalysts for ethanol oxidation reaction (EOR). Herein,
hierarchical MnO, nanostructures are grown on high-area nickel
foam scaffolds by a plasma-assisted strategy and functionalized
with low amounts of optimally dispersed Au nanoparticles. This
strategy leads to catalysts with unique morphology, designed to
enhance reactant-surface contacts and maximize active sites
utilization. The developed nanoarchitectures show superior
performances for ethanol oxidation in alkaline media. We reveal
that Au decoration boosts MnO, catalytic activity by inducing pre-
dissociation and pre-oxidation of the adsorbed ethanol molecules.
These evidences candidate our strategy as an effective route in
the development of green electrocatalysts for efficient electrical-
to-chemical energy conversion.

The exploitation of clean and renewable energy resources is a
strategic key to underpin the global demand of
social/industrial developments.l'6 In this context, biomass-
derived ethanol (EtOH) stands as a promising fuel thanks to its
high energy density (29.7 MJxkg'l) low toxicity and easy
storage, that have stimulated its valorization in direct ethanol
fuel cells (DEFCs) for portable/transportation electronics.”* In
particular, DEFCs have attracted attention for the production
of hydrogen, a clean and sustainable energy vector, % ¥ 16
especially with electricity from renewable sources.” To date,
the most effective DEFC anodic catalysts are based on noble
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& 8 1222 put their high cost, supply

4 14,16, 23, 24 1 ave triggered the
In this context, various
composites based on metal
nanoparticles (MNPs) and metal oxides,” 6 10,11, 13, 2224 4o
latter acting simultaneously as co-catalysts and supports to
avoid MNP agglomeration.”’ 2529

Among cost-effective and eco-friendly oxides, manganese
ones,3’ 27, 3035 and, in particular, MnQO,, offering a rich
polymorphism and a good electrochemical behavior,z' 8 16,19, 29
have been used in electrocatalysts for oxygen evolution
(OER)'” 27, 28,32, 34,36 and reduction reactions (ORR),3’ 29, 35,37, 38
8§10, 19 g4 far, most

metals (especially Pt),
shortage and limited life cycle
research on alternative materials.”> %

works have focused on

as well as in organics electrooxidation.
electrocatalysts have been prepared through powders
immobilization on  substrates using  slurries  with
additives/binders,z'A’ 79, 22, 29, 31, 34, 35, 38, compromising the
resulting performances.A' 22 These issues can be tackled using
MnO,-based electrocatalysts as supported systems/thin
films,m’ 1719, 28, 30, 32, 33, 36 \\hose performances are critically
affected by the adopted fabrication route” > 3 To further
boost catalytic activity, valuable alternatives are offered by
high area scaffolds-supported 3D hierarchical architectures,3’
32,38 providing fast pathways for ion/charge carrier diffusion,*”
922 5nd by the functionalization with MNPs, since the
presence of tunnels in MnQO, structure can also strengthen
interactions with supported metals.> ¥ 1° Among the latter,
gold has offered appreciable performance improvements in
combination with MnOZ‘”' 272 These successes prompt to
attain a deeper understanding of Au NPs role, aimed at further
extending  the applications of manganese oxide
electrocatalysts. For example, while B-MnO, - the most
abundant and stable MnO, polymorph35 - has been used in
OER**! and ORR,35 to the best of our knowledge it was never
tested for EOR in alkaline media.

Herein, we propose 3D MnO,
nanoarchitectures functionalized with Au NPs as
electrocatalysts for the alkaline ethanol oxidation reaction
(EOR). For the first time, electrocatalyst preparation is
performed by plasma assisted-chemical vapor deposition (PA-
CVD) of 3-MnO,, followed by functionalization with gold NPs
via radio frequency (RF)-sputtering (Fig. 1a). Commercial Ni

hierarchical
new
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Fig.1  (a) Schematics of the strategy used for the fabrication of Au-MnO,
nanosystems on Ni foam via PA-CVD and their functionalization with Au NPs
by RF-sputtering (square inset: Au-MnO, interface structure). Surface Mn2p
(b), Audds; (c), and O1s (d) photoelectron peaks for the target specimens.
SIMS depth profiles for MnO; (e) and Au/MnO; (f) samples.

foams (NFs), * featuring a high electric conductivity and a
desirable open-pore structure,®are adopted as scaffolds. The
resulting materials electrocatalytic performances
comparing favourably with the best oxide-based catalysts
known to date. Indeed, MNP functionalization produces a
substantial enhancement of the EOR activity: in particular, the
Au/MnO, sample showed a current density of 63 mA/cm® at
1.6 V vs. the reversible hydrogen electrode (RHE; +43% with
respect to bare MnO,) and a voltage needed to reach 10
mA/cm? 30 mV lower than MnO,. Density functional theory
(DFT) calculations reveal that gold NPs increase the catalyst
electron acceptor properties and poise ethanol to the target
EOR process.

The system surface composition and element valence

show

states were probed by X-ray photoelectron spectroscopy (XPS).
Survey spectra (Fig. S1at) were dominated by the presence of
Mn and O photoelectron and Auger signals, beside the Cls
signal due to air exposure, and clearly showed the presence of
gold peaks after functionalization by RF-sputtering. The
occurrence of MnO, was confirmed by the analysis of Mn2p
signal [Fig. 1b; Mn2p;;; and Mn2p;,, binding energy (BE) =
642.5 eV and 654.1 eV, splitting = 11.6 eV]* ® **3° and by the
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Mn3s multiplet splitting separation (4.7 eV; Fig. Sle).36‘38’ a0

The Au4ds;, peak confirmed the occurrence of the sole Au(0)
(Fig. 1c; BE(Au4ds;;) = 335.2 eV], although the recorded BE
value was slightly higher (= 0.2 eV) than the typical ones for
metallic gold.17 This phenomenon, in line with previous
literature findings,41 highlighted the occurrence of an
Au - MnO, electron transfer, as also indicated by the results of
theoretical calculations (see below). For Au/MnO,, the gold
molar fraction (see ESIt) was determined to be X,, = 10 %. The
01s photopeak (Fig. 1d) resulted from the concurrence of two
bands at BE =529.8 (1) and 531.6 eV (ll) (=27 % and 37 % of the
total O signal, for MnO, and Au/MnO,, respectively), assigned
respectively to O-Mn bonds and to -OH groups/adsorbed
oxygen species.l’ 309 14 19, 3, 41 Secondary ion mass
spectrometry (SIMS) depth profiling (Fig. 1e and f) evidenced a
negligible carbon contamination (< 25 ppm) and an almost
parallel trend of Mn and O ionic yields throughout the sampled
thickness, supporting the uniform formation of MnO, in the
entire deposit. In the case of Au/MnO, (Fig. 1f), gold resulted
predominantly located in the outermost system region, and its
signal underwent a slight decrease at higher depths. The
appreciable Au-MnO, intermixing was

@ Au <111>

B-MnO, <001>

Fig.2 SEM images of MnO, (a) and Au/MnO, (b) specimens. TEM
characterization of the Au/MnO, sample. (c) HAADF-STEM overview image,
and (d) corresponding EDXS chemical map showing NiKa and MnKa signals
from NF substrate and MnO, nanoaggregates. (e) Higher magnification
HAADF-STEM image of the red-squared area in (c), and (f) corresponding
EDXS map. The C signal is from glue used in sample preparation. (g) HAADF-
STEM micrograph of the blue-squared area in (c). Arrows mark Au NPs
located at the top of MnO, aggregates. (h) HR-STEM image of the interfacial

This journal is © The Royal Society of Chemistry 2020



Au/MnO, region. (i,j) SAED patterns from the violet and green-squared
regions in (h), corresponding to Au and B-MnO,, respectively.

ascribed to the synergy between MnO, porous structure and
the typical RF-sputtering infiltration power. These
characteristics were also responsible for the tailing of signals
into the NF substrates, resulting in broad deposit-NF
interfaces.

Fig. 2a and S2t report scanning electron microscopy (SEM)
micrographs for bare MnO, and Au/MnO, specimens. The
images revealed a homogeneous coverage of the whole NF
skeleton, without any significant alteration of its original
structure (see Fig. S2at), by quasi-1D MnO, nanoaggregates
(mean length and diameter = 200+1200 nm and 100 nm,
respectively), whose assembly resulted in a 3D hierarchical
architecture. Such high-area open structures are extremely
advantageous for electrocatalytic end-uses,> ¥ %101 133 gince
they can ease reactant transport into the interior active sites,7‘
23 provide enough room for the diffusion of both electrolyte
and reactant molecules” ** *® and maximize the subsequent
gold Ioading.19 Functionalization by RF-sputtering (Fig. 2b)
yielded almost spherical gold NPs (mean diameter = 6 nm),
dispersed over MnO, nanostructures (Fig. 2b, inset). Imaging in
different regions indicated the lateral homogeneity of
Au/MnO, nanocomposites.

In order to investigate the system nanoscale structure, high
angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM), high resolution (HR)-TEM, and
energy dispersive X-ray spectroscopy (EDXS) analyses were
carried out on an Au/MnO, specimen. HAADF-STEM and EDXS
data in Fig. 2c and d highlighted the assembly of quasi-1D
hierarchical structures with pointed tips outgrowing from the
underlying NF substrate, in line with FE-SEM results (Fig. 2a, b
and S2t). A uniform dispersion of low-sized Au NPs,
preferentially located on the top of quasi-1D MnO, structures,
was clearly evidenced (Fig. 2e and g). These indications are in
line with those provided by high magnification EDXS elemental
maps and line-scan profiles across the Au/MnO, interface (Fig.
S37). Selected area electron diffraction (SAED) indicated the
presence of polycrystalline tetragonal B-MnO, as the sole
Mn(IV) oxide polymorph, and of face centered cubic (fcc) Au
(Fig. 2i and j, S4t1 and S5t). Additional HR imaging (Fig. 2h and
S61) revealed an intimate Au/MnO, interfacial contact, a result
of crucial importance for the exploitation of synergistic metal-
oxide effects in electrocatalytic applications.

The catalytic activity of the target systems towards ethanol
electrooxidation was subsequently evaluated in an alkaline
medium (0.5 M KOH, 0.5 M ethanol; Fig. 3a). Fig. 3b shows the
EOR performance of Au/MnO, specimen compared with bare
MnO,, both supported on NFs, and bare Ni foam. Onset
potential (i.e., the potential required to reach a 0.1 mA/cm’
current density) and Ej.;, (voltage needed to reach 10
mA/cm?)'® (see Table S1t) followed the trend: Ni foam = Au/Ni
foam > MnO, > Au/MnO0,. These data clearly demonstrate the
beneficial role of MnO, and Au/MnO, on the overall material
performances. Furthermore, to the best of our knowledge, the
activities of MnO, and Au/MnO,, expressed in terms of current
density at fixed potential and Ej;o (2" and 3™ column, Table

This journal is © The Royal Society of Chemistry 2020

S2t), compare favourably with the best performing oxide-
based materials reported in the literature so far,5‘7’ 10,11,13, 15, 24,
“2in particular for Au/MnQO,. Since gold NPs onto Ni did not
provide
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Fig.3 (a) Digital photograph of the cell used for electrochemical tests. (b)

Linear sweep voltammetry (LSV) curves obtained in 0.5 M KOH + 0.5 M
EtOH. Data for bare NFs and Au/NFs are reported for comparison. (c)
Chronoamperometry data for the Au/MnO, specimen obtained applying a
constant potential of 1.5 V vs. RHE. Ethanol introduction is marked by *. (d)
Tafel plots and pertaining slope values for the different specimens,
corresponding to LSV curves of Fig. 3b.

higher current density with respect to bare Ni foam (compare
red and black curves in Figure 3b), the observed enhancement
could be related to a synergistic interaction between MnO,
and Au NPs, further elucidated by theoretical calculations (see
below).

Further information was gained by chronoamperometry
(CA) data (Fig. 3c) recorded in KOH (first 30 min) and
ethanol/KOH solutions (subsequent 120 min). In KOH the
current density was almost constant, highlighting a good
material stability. After EtOH introduction j values increased
and subsequently declined, confirming thus the occurrence of
ethanol consumption and a higher catalytic activity in EOR
than OER (Fig. S71). The analysis of Tafel slope values (Fig. 3d)
yielded the following trend: Au/Ni foam > Ni foam > MnO, >
Au/MnQO,, revealing that the latter was the best performing
system. These results confirm that: i) gold NPs did not boost
the reaction without MnO,, ii) MnO, deposited onto Ni foam
allowed a slight catalytic activity improvement in comparison
to bare Ni foam, iii) Au/MnO, resulted appreciably more active
than MnO, and Ni foam. These observations pinpoint the key
role of MnO,-Au interface in enhancing electrocatalytic
performances, and prompted its theoretical investigation.

DFT calculations were performed on a slab model of
MnO,(101) surfaces with on-top Au nanoparticles, computing
the structural and electronic properties of bare MnO, (Fig. 4a)
and Au-decorated MnO, (Fig. 4b; ESIT, § S4 and Fig. S8T).
Remarkably, Au is in close contact with MnO, surface oxygens
(mean Au-0,, distance: 2.16 A), in line with the atomistic-level

J. Mater. Chem. A, 2020, 8, 16902-16907|



. . 43
behaviour for Au on Mn oxide surfaces.
oxide interaction

Such a strong metal-
significantly perturbs MnO, electronic
structure, resulting in an energy gap decrease by 0.13 eV and a
Fermi level (Ef) shift towards occupied states (Fig. 4e). In
addition, whereas the density of states (DOS) for bare MnO, is
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Fig.4 Graphical representation of: a) bare Mn0,(101) slab; b) Au-
decorated MnQO,; EtOH adsorbed on MnO, (c) and Au/MnO, (d) surfaces.
Atom colors: O= red; Mn(spin up) = blue; Mn(spin down) = green; Au =
orange; C = cyan; H = white. Reported interatomic distances are in A. e)
Density of states (DOS) for bare MnO; (left) and Au/MnO, (right). f) DOS
projected on EtOH O,,-states for EtOH adsorbed on bare MnO, (left) and
Au/MnO; (right).

nearly zero above E; the Au/MnO, surface exhibits a
substantially higher DOS (Fig. 4e) and, hence, a higher number
of low-energy empty states ready to accept electron density
from EtOH.

Additionally, in accordance with XPS results, an Au - MnO,
electron transfer takes place (§ S5, ESIt). Charge donation
from Au is not inherently a surface property, as it also occurs
from Au dopant interstitial atoms in MnOz.41
modifications exerted by Au on the electronic structure of the

However, the

catalyst surface are more profound and deeply affect ethanol
adsorption. As depicted in Fig. 4c, EtOH strongly binds to clean
MnO, (binding energy = 26.7 kcal/mol): it is coordinated to a
Mn site (d(Mn*—OEt) =2.00 A), and hydrogen bonded to a close
surface oxygen (d(Og,—H) = 1.52 A). On Au/MnO, (Fig. 4d), the
lower charge on Mn-centers close to Au implies a weaker EtOH
coordination with respect to bare MnO, (d(Mn*—OEt) =2.02 A),
yielding a binding energy decrease (21.2 kcal/mol; Fig. S91 and
Tables S3-S4t). Indeed, a weaker EtOH binding may favour its

| J. Mater. Chem. A, 2020, 8, 16902-16907

surface detachment once the EOR has taken place, aiding thus
an easy catalyst regeneration.
molecule forms a short-strong hydrogen bond with Au/MnO,
surface oxygen (d(O*—H) = 1.37 A, Fig. 4d and S10t), an
interface phenomenon that, via quantum delocalization
effects, induces molecule-surface proton sharing and causes a
substantial O-H bond weakening.44
Au/MnO, surface leads to a pre- dissociation of ethanol, easing
the subsequent EOR. Additionally, the DOS projected on EtOH
O,,-states (Fig. 4f) reveals that ethanol pre-oxidation also
occurs. When EtOH is adsorbed on bare MnO,, its O,,-states
remain partially occupied, as indicated by the high value of the

In addition, the ethanol

Hence, interaction with the

spin-up component close to E; (black curve, Fig. 4f). Yet, the
spin-down component depletion in proximity of E; (red curve,
Fig. 4f) shows that the clean MnO, surface induces an incipient
EtOH partial oxidation. This effect is greatly enhanced when
EtOH is adsorbed on Au/MnO,, as its O,,-states are nearly
empty for both spin components (green and blue curves, Fig.
4f). This finding indicates a more effective pre-oxidizing action
of Au-decorated MnO, towards ethanol compared to bare
MnO,.
performances of Au/MnO, is the creation of new, easily

Hence, the key contribution of Au to the catalytic

accessible low energy empty electronic states. In addition, the
charge donation from Au atoms at the Au/MnO, interface
favors the formation of a short-strong hydrogen bond in which
EtOH shares its proton with a surface oxygen. Therefore,
although Au atoms are not apparently directly bonded to
EtOH, their catalytic role in the target process is indeed crucial.
Altogether, the Au-induced electronic structure modifications
explain the higher EOR efficiency of Au/MnO, vs. bare MnO,
and shed light on its atomistic origin: upon adsorption on
Au/MnO,, undergoes partial
deprotonation, thus paving the way to EOR.

ethanol oxidation and

Conclusions

In summary, 3D hierarchical MnO,-based architectures were
grown on the surface of Ni foam by an innovative plasma-
assisted fabrication strategy, involving the initial PA-CVD of
MnO, in Ar-O, atmospheres, followed by functionalization
with Au NPs by RF-sputtering from Ar plasmas. A combination
of theory and experiments revealed the formation of phase-
characterized by an
contact with low-sized Au NPs and offering at the same time a

pure B-MnO, nanosystems, intimate
high active area in contact with the reaction medium. The
developed systems yielded excellent functional performances
as EOR electrocatalysts in alkaline environments. The positive
Au NPs effect was due to a profound modification of the MnO,
electronic structure, yielding Au— MnO, charge donation and
the formation of new low energy empty states. This causes a
substantial weakening of the ethanol O-H bond, and a more
the
presently reported findings not only afford a convenient

effective oxidizing action towards ethanol. Overall,
preparative route to fabricate 3D nanoarchitectures with
but also provide new
atomistic insights into metal-oxide interactions and their key
role in electrocatalytic performances. This

controllable phase composition,

enhancing

This journal is © The Royal Society of Chemistry 2020



knowledge, combined with the proposed fabrication route,
may guide the development of electrocatalysts based on

earth-abundant metal-oxides for
electrical

ethanol valorization by

energy from renewable sources and for

(photo)electrochemical water splitting.
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