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§ S1. Experimental section

Synthesis: MnO2 nanodeposits were grown by plasma assisted-chemical vapor deposition (PA-

CVD) from electronic-grade Ar/O2 plasmas using a home-built two-electrode plasma 

apparatus equipped with a 13.56 MHz radio frequency (RF) generator. Porous Ni foams (NFs; 

Ni-4753, RECEMAT BV; lateral size = 10 mm × 15 mm), endowed with a desirable open-pore 

structure providing excellent mass transport and a large surface per unit area,1, 2 were adopted 

as scaffolds. Before deposition, NFs were cleaned by sonication in dichloroethane (10 min), 

3.5 M HCl (10 min) and ethanol (10 min), in order to remove the surface oxide layer formed 

upon air exposure and other eventual undesired impurities.1-5 In each deposition, the 

substrates were mounted on the grounded electrode and Mn(hfa)2•TMEDA (Hhfa = 

1,1,1,5,5,5-hexafluoro-2,4-pentanedione; TMEDA = N,N,N’,N’-tetramethylethylenediamine)6, 

7 was used as manganese molecular precursor. After a preliminary screening of processing 

conditions, growth processes were performed at 300°C for a duration of 180 min at 20 W RF 

power and 1.0 mbar total pressure, with the inter-electrode distance fixed at 60 mm. In each 

experiment, the manganese precursor (0.30 g) was heated at 70°C by means of an external oil 

bath, and its vapors were delivered into the chamber by an Ar flow (60 standard cubic 

centimeters per minute (sccm)) through gas lines maintained at 130°C. Additional Ar and O2 

flows (15 and 5 sccm, respectively) were independently introduced into the reactor. 

Functionalization with gold nanoparticles was performed by RF-sputtering from Ar plasmas, 

with a gold target (BALTEC AG, 99.99%) mounted on the RF electrode and the above obtained 

manganese oxide systems fixed on the grounded one. Depositions were carried out for 30 min 

at a growth temperature of 60°C, using an Ar flow rate of 10 sccm, a total pressure of 0.3 mbar 

and an RF-power of 5 W. The setting of parameters enabled to prevent the complete coverage 

of manganese oxide nanosystems by a continuous gold overlayer.

Before characterization, all the target specimens were subjected to a thermal treatment at 

500°C for 60 min in air, in order to attain a proper stabilization before electrochemical tests.

Characterization: X-ray diffraction (XRD) patterns were collected using a Bruker D8 Advance 

X-ray diffractometer equipped with a Göbel mirror and a CuKα X-ray source (40 kV, 40 mA) at 

a fixed incidence angle of 1.0°.

The system surface chemical composition was investigated by X-ray photoelectron 

spectroscopy (XPS). The measurements were carried out in a Perkin-Elmer Φ 5600ci system 
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using a non-monochromatized AlKα radiation (hν = 1486.6 eV), at a working pressure of 10−9 

mbar. Binding energy (BE) values were corrected for charging phenomena by assigning a 

position of 284.8 eV to the adventitious C1s photopeak.8 To overcome the overlap between 

the Mn3s and Au4f photopeaks, the analysis was focused on the interference-free Au4d5/2 

signal.8-10 After subtraction of a Shirley background, atomic percentages (at.%) values were 

obtained by photopeak integration, using standard PHI V5.4A sensitivity factors. Fittings were 

performed by Voigt functions using the XPS Peak 4.1 software.11 Quantitative analyses yielded 

the following values: Au: 3.3 at.%, Mn: 34.1 at.%, O: 62.6 at.%, for Au/MnO2; Au: 4.1 at.%, Ni: 

27.8 at.%, O: 68.1 at.%, for Au/Ni foam. Correspondingly, gold molar fraction was determined 

as:12

XAu = ((Au at.%) / (Au at.% + A at.%) × 100)    (S1)

where A = Mn and Ni for Au/MnO2 and Au/Ni foam, respectively.

In-depth secondary ion mass spectrometry (SIMS) analyses were carried out by a IMS 4f mass 

spectrometer (Cameca, Padova, Italy) using a 14.5 keV Cs+ primary ion beam (25 nA, 0.3% 

stability) and an electron gun for charge compensation. Negative secondary ion detection was 

performed in beam blanking mode and high mass resolution configuration, rastering over a 

175175 m2 area and collecting elemental signals from a sub-region of size below 88 m2. 

By exploiting the SIMS imaging mode, the data acquisition was focused on the solid structure 

of the sponge and the depth profiling was carried out on this selected region. The erosion rate 

was evaluated through measurements of crater heights at various depths by means of a 

Tencor Alpha Step profilometer, yielding thus the conversion of sputtering time into depth.

Scanning electron microscopy (SEM) measurements were performed by collecting in-lens and 

backscattered electrons using a Zeiss SUPRA 40VP instrument, at primary beam voltages of 10 

kV. The mean aggregate dimensions were evaluated using the ImageJ® software.13

An aberration corrected FEI Titan3 transmission electron microscope operated at an 

acceleration voltage of 300 kV was used for high angle annular dark field-scanning 

transmission electron microscopy (HAADF-STEM), high resolution (HR)-TEM, selected area 

electron diffraction (SAED) and energy dispersive X-ray spectroscopy (EDXS) analyses. Samples 

for cross-sectional analysis were prepared using Ga-focused ion beam milling on a FEI Helios 

Nanolab 650 followed by an in-situ lift-out step using an omniprobe, and further fine thinning 

step at 8 kV and, finally, 2 kV ion beam energy, to obtain an electron transparent sample with 
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sub-100 nm thickness. Electron probe current values of 50 and 200 pA were used for atomic 

resolution HAADF-STEM imaging and EDXS chemical mapping, respectively. 512 pixels × 512 

pixels maps were acquired with a dwell time of 10 μs/pixel, cumulatively for 12 min to obtain 

a high signal-to-noise ratio. To suppress the scan noise, when necessary, the images have been 

processed by applying a neural network filter.14

Electrochemical tests: Electrochemical tests were performed by a computer-controlled 

potentiostat (VMP3, BioLogic Science Instruments) using a three-electrode set-up (Fig. 3a). 

The working, counter, and reference electrodes were a Ni foam-supported specimen (1.5 

cm2 geometric area), a platinum mesh and a Hg/HgO (MMO) electrode (typically employed in 

alkaline media),15-18 respectively. The electrolyte was a 0.5 M ethanol in aqueous KOH solution 

(0.5 M). The potential was transformed into the reversible hydrogen electrode (RHE) scale by 

the relation:19

ERHE(V) = EMMO(V) + 0.0592×pH + 0.111    (S2)

Linear sweep voltammetry (LSV) experiments were performed using a scan rate of 1 mV/s. 

Tafel slopes were calculated by plotting the current-potential data in the form E vs. logj. 

Chronoamperometry (CA) analyses were performed at a constant potential of 1.5 V (vs. RHE).

The obtained currents were normalized to the above electrode area, in order to enable a 

direct comparison of the catalytic activity of different samples. In fact, BET measurement of 

surface area values for supported nanosystems like the present ones is a critical issue. In such 

cases conventional N2 or Kr physisorption methods fail, due to the extremely low mass of the 

active material with respect to the supporting substrate. Furthermore, the peculiar material 

chemico-physical characteristics and the intrinsic uncertainty in the estimation of double layer 

capacitance and specific capacitance20, 21 prevent from a reliable calculation of the 

electrochemical active surface area (ECSA). On the basis of these issues, the material catalytic 

activity was related to the geometrical surface, which has indeed a practical meaning in terms 

of technological applications.22
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§ S2. Characterization
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Fig. S1 Surface XPS wide-scan spectra (a) and Mn3s photopeak (b) for MnO2 and Au/MnO2 systems. 
For the latter one, the Mn3s peak is not displayed due to its heavy overlap with the most intense Au4f 
signal.10

Survey spectra (Fig. S1a) were dominated by the presence of Mn and O photoelectron and 

Auger signals, beside the C1s signal due to air exposure, and clearly showed the presence of 

gold peaks after functionalization by RF-sputtering.
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Fig. S2 FE-SEM micrographs of bare NF substrate (a) and bare MnO2 at different magnification levels 
(b-d).

0 5 10 15 20
0

20

40

60

80

100

In
te

ns
ity

 (A
rb

. u
ni

ts
)

Distance (nm)

 Au L
 Mn K(a) (b)

0                    5                   10                  15                  20       nm

100

80

60

40

20

0

In
te

ns
ity

(a
.u

.)

Au Lα
Mn Kα

10 nm

Fig. S3 (a) Representative high magnification EDXS elemental map at the Au/MnO2 interface. (b) EDXS 
line-scan profiles for Au Lα and Mn Kα, recorded along the yellow line marked in (a).
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Fig. S4 XRD patterns for MnO2 and Au/MnO2 specimens. The signals pertaining to Ni foam substrates 
are marked for clarity.

XRD patterns of both bare and functionalized MnO2 displayed only one well-detectable 

reflection located at 2θ  37.3°, related to the (101) crystallographic planes of tetragonal β-

MnO2, the equilibrium phase of manganese dioxide at standard temperature and pressure23, 

24 (P42/mnm space group; a = 4.39 Å, c = 2.87 Å).25-27 The absence of the most intense (110) 

peak in the reference powder spectrum, expected at 2θ  28.7°,28 suggested the possible 

presence of preferential orientation/texturing effects, but more detailed observations were 

precluded by the low diffracted intensity. The latter feature and the relatively broad 

reflections suggested the presence of low-sized crystalline domains with a defective 

structure.29, 30

Upon RF-sputtering of gold, the (101) peak angular position did not undergo any appreciable 

variation. This finding indicated that the β-MnO2 structure was retained after functionalization 

with Au, in line with previous studies on MnO2-Au materials31 and with the present TEM 

results (Fig. 2 and S5). The lowered peak intensity could be ascribed to plasma–surface 

interactions,32 i.e. bombardment of MnO2 upon Au deposition. The lack of any appreciable 

reflections related to Au was ascribed to its relatively low amount and/or small crystallite 

dimensions, suggesting a high dispersion of gold nanoaggregates in MnO2 deposits,9 in line 

with TEM findings.
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Fig. S5 SAED pattern recorded on quasi-1D MnO2 nanoaggregates in Fig. 2g.
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Fig. S6 (a)-(c) Representative HAADF-STEM micrographs at the Au/MnO2 interface from low to high 
magnification.
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§ S3. Electrochemical tests

Materials
Onset potential
@ 0.1 mA/cm2

(mV)

Potential
@ 10 mA/cm2 (Ej=10)

(V)

Au/MnO2 41 1.41

MnO2 109 1.44

Ni foam 118 1.45

Au/Ni foam 112 1.45

Table S1  Onset potential (voltage required to reach a current density of 0.1 mA/cm2) and Ej=10 (voltage 
needed to reach 10 mA/cm2) for the target systems. The values pertaining to Ni foam, both as such 
and functionalized with Au NPs, are reported for comparison.
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Material
j @ 1.6 V vs. 

RHE (mA/cm2)
Ej=10 
(V)

[EtOH] 
(mol/L)

[OH-] 
(mol/L) Ref.

Supported films/nanosystems

Au/MnO2 63 1.41 0.5 0.5

MnO2 44 1.44 0.5 0.5

Ni foam 40 1.45 0.5 0.5

Au/Ni foam 38 1.45 0.5 0.5

Present 
work

PtCoPt / / 1.0 0.1 33

Au/TiO2 / / 1.0 1.0 34

Ni/C 35 1.29 1.0 1.0

Ni-MgO/C 95 1.39 1.0 1.0
18

Ni-Fe2O3/C 120 1.14 1.0 1.0

Ni-ZnO/C 80 1.14 1.0 1.0

Ni-Co3O4/C 60 1.14 1.0 1.0

Ni-MnO2/C 50 1.14 1.0 1.0

Ni/C 35 1.44 1.0 1.0

15

Powders immobilized on substrates using slurries with additives/binders

NiCo2O4/GCE 8 1.69 0.5 1.0

NiO/GCE 2 / 0.5 1.0

Co3O4/GCE 1 / 0.5 1.0
35

Co3O4 nanosheet 100 1.45 1.0 1.0

Co3O4 nanocubes 28 1.55 1.0 1.0
36

ZnO/TiO2 0 1.74 3.0 1.0 37

MnO2-vulcan 0.5 / 1.0 0.2

Pd-Ni/MnO2/Vulcan 1 / 1.0 0.2

Pd-Ni-
Fe/MnO2/Vulcan

2 / 1.0 0.2

38

MnO2 0.4 / 1.0 1.0

Ni-Fe LDH 3 / 1.0 1.0

LDH@MnO2 4 / 1.0 1.0
16

Table S2  Comparison of EOR performances of the actual materials with selected data reported for 
other systems. GCE = glassy carbon electrode; LDH = layered double hydroxide. Materials which 
exhibited higher current density and/or lower Ej=10 than the present MnO2 and Au/MnO2 specimens 
were operated in solutions with ethanol and KOH concentrations higher than in the present work). 
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Fig. S7 Linear sweep voltammetry (LSV) curves obtained in 0.5 M KOH (dashed lines) and 0.5 M KOH 
+ 0.5 M ethanol (continuous lines) at a scan rate of 1 mV/s.
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§ S4. Computational details

General computational setup and model building: The computational in silico experiments 

were performed within the theoretical framework of the density functional theory (DFT), using 

the Perdew-Burke-Ernzerhof (PBE) approximation, in conjunction with dispersion 

corrections.39, 40 The interactions of valence electrons with nuclear cores were treated by 

means of ultra-soft pseudopotentials for all atoms.41 To compute the electronic structure, the 

Hubbard model was employed for Mn, with U parameter of 5 eV.42, 43 The wavefunctions were 

expanded in planewaves (PW). The PW expansion had a cutoff of 30 Ry (240 Ry for the 

electronic density). The sampling of the Brillouin zone was performed by selecting a 2×2×1 

mesh. All the calculations were carried out with the Quantum Espresso Code.44 Geometry 

optimizations of all the model systems considered in this work were performed by releasing 

all atoms with the exception of those of the bottom layer. The adopted convergence criterion 

was 0.5×10-3 HartreeBohr-1.

Modeling of the MnO2 surface: The MnO2(101) surface was simulated using a slab model. The 

stoichiometry of the resulting model slab is Mn48O96 (for a graphical representation, see Fig. 

S8a). The resulting magnetization was as reported for pyrolusite, where the octahedral Mn 

sites exhibit an antiferromagnetic ordering. The exposed surface is perpendicular to the z 

direction and its area is 10.5 Å×13.2 Å = 1.47 nm2 (the cell parameters were taken from ref.28). 

A vacuum region of 15 Å was employed to reduce the inter-slab interactions along the z 

direction. 

Modeling of the MnO2-Au surface: The decorated oxide surface was built by adding on the 

MnO2 model slab an Au12 cluster to one of the two free surfaces of the slab. Geometry 

optimization of the decorated surface was then performed, yielding the structure depicted in 

Fig. S8b. 

Modeling of ethanol adsorption on the MnO2 surface: An ethanol molecule (EtOH) was 

positioned on the top of the optimized MnO2 slab. The geometry of this new model 

(simulation cell stoichiometry: Mn48O96·EtOH) was subsequently optimized (see Fig. S9a).

Modeling of ethanol adsorption on the MnO2–Au surface: An ethanol molecule was 

positioned on the top of the MnO2–Au slab, and the geometry of the resulting model 

(Au12Mn48O96·EtOH) was then optimized (Fig. S9b).

The binding energy (BE) of ethanol on the MnO2 and MnO2–Au surfaces was calculated using 
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the following formula:

BE = -[E(EtOH/surface) - E(surface) - E(EtOH)] (S2)

where E(EtOH/surface) is the total energy of the slab model (either MnO2 or MnO2–Au) with 

adsorbed ethanol, E(surface) is the total energy of the slab model (either MnO2 or MnO2–Au) 

without ethanol, and E(EtOH) is the total energy of an isolated ethanol molecule. Positive 

values of the binding energy denote a favorable interaction of ethanol with the surface. 

Bader charge analysis: Bader charges45, 46 were computed from the valence electronic density 

obtained from a single point calculation on the optimized geometries using Projector 

Augmented Wave (PAW) pseudopotentials.47 In this case, the wavefunction and electron 

density cutoff were 40 Ry, and 400 Ry, respectively. Even the PAW calculations were 

performed with the PWscf module of the Quantum espresso code.44 A dense grid was selected 

for representing the electronic density, giving an accuracy of ±0.005 electrons. Atomic Bader 

charges and volumes were computed using Henkelman’s Bader code.48-51

Fig. S8 (a) Graphical representation of the simulation cell content of the bare MnO2(101) slab 
(simulation cell stoichiometry: Mn48O96). (b) Graphical representation of the (periodically repeated) 
simulation cell of the Au/MnO2(101) slab (simulation cell stoichiometry: Au12Mn48O96). Both (a) and (b) 
slab models exhibit an antiferromagnetic ordering of the Mn sites. Atom color codes: Blue spheres: 
Mn (spin-up); Green spheres: Mn (spin-down); Red spheres: O; Gold spheres: Au. The blue solid lines 
are a guide for the eye which indicate the simulation box, with periodic boundary conditions (pbc). 
Atom labels as in text and Tables S3-S4.
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Fig. S9 (a) Graphical representation of the bare MnO2(101) slab with an adsorbed ethanol (EtOH) 
molecule (simulation cell stoichiometry: Mn48O96·EtOH). (b) Graphical representation of the 
Au/MnO2(101) slab with an adsorbed ethanol molecule (simulation cell stoichiometry: 
Au12Mn48O96·EtOH). Both models exhibit an antiferromagnetic ordering of the Mn sites. Atom color 
codes: Blue spheres: Mn (spin-up); Green spheres: Mn (spin-down); Red spheres: O; Gold spheres: Au; 
Cyan spheres: C; White spheres: H. Atom labels as in text and Tables S3-S4. 
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§ S5. Supporting computational results

The MnO2-Au optimized structure (Fig. S8b) is characterized by rather short Au-OAu bonding distances, 

averaging to 2.16 Å. Specifically, the eight Au-OAu distances may be divided into two groups of 4 

distances, whose average values are 2.12 Å and 2.21 Å respectively. These distances are shorter than 

the sum of the respective van der Waals radii, indicating a strong interaction of the surface oxygens of 

the MnO2(101) facets with Au. 

The binding energies of ethanol on the MnO2 and MnO2–Au surfaces, as well as significant geometrical 

parameters are reported in Table S3. Significantly, on both surfaces, the hydroxyl oxygen of ethanol is 

bonded to a surface Mn cation positioned in the proximity of the Au nanostructure, labeled as Mn*. 

The ethanol hydroxyl oxygen OEt is at 2.00 Å from Mn*, to be compared with a distance of 2.02 Å found 

for the MnO2-Au case. In both cases, the ethanol hydroxyl proton is hydrogen bonded to a surface 

oxygen, labeled as O* (see Table S3). The hydrogen bond becomes particularly strong when the EtOH 

molecule is adsorbed on the MnO2-Au surface (see Table S3). Both the C-O and O-H bonds of ethanol 

are appreciably elongated with respect to isolated EtOH - especially when the molecule is adsorbed on 

MnO2-Au, while the C-C bond distance does not undergo significant changes.

MnO2-EtOH MnO2-Au-EtOH Isolated EtOH

BE (kcal/mol) 26.7 21.2 -

OEt-H (Å) 1.04 1.08 0.98

C-OEt (Å) 1.46 1.45 1.44

C-C 1.52 1.52 1.52

O*–H (Å) 1.52 1.37 -

Mn*-OEt (Å) 2.00 2.02 -

Table S3  Binding energy and geometrical parameters of EtOH on MnO2 and MnO2–Au. Atom labels as 
in Fig. S9.
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To establish if the decoration of the MnO2 surface with Au may lead to charge transfer at the 

metal/oxide interfaces, we performed a Bader charge analysis of the slab models in the framework of 

the Quantum Theory of Atoms In Molecules (QTAIM).45, 46

Bader charges calculated for the atoms constituting the slab models used in this study were computed 

and averaged over all atoms of the same kind in each model in order to gather information on the 

partial charge located on average on the O, Mn, and Au atoms of the slab. These data are reported in 

Table S4. Averages were also calculated over specific groups of atoms – for example, over the eight O 

atoms directly coordinated to the Au atoms of the Au/MnO2 slab, labeled as OAu (the average charge 

computed for the same O atoms on the bare slab, in the absence of Au, is also reported for comparison 

in Table S4). 

Atom chargea MnO2 MnO2-Au MnO2-EtOH MnO2-Au-EtOH

Average O -0.95 -0.96 -0.95 -0.96

Average Mn +1.90 +1.89 +1.90 +1.89

Average Au - +0.13 - +0.13

Average AuO
b - +0.20 - +0.20

Average OAu -0.89 -0.96 -0.89 -0.95

Average MnAu +1.87 +1.77 +1.87 +1.78

Table S4  Average Bader charges for the surface atoms of the four model slabs. a Bader charges are in 
electronic charge unit. b AuO are the Au atoms directly in contact with surface oxygens. Other atom 
labels as in Fig. S8b and S9.

First of all, the data in Table S4 indicate that, in presence of Au, a charge transfer occurs from the metal 

nanostructure to the MnO2 surface. Overall, each Au atom in direct contact to the surface donates on 

average 0.2 electrons to the surface, whereas the Au atoms not in contact with the surface remain 

neutral (their Bader charge is zero). Hence, charge injection occurs essentially from the Au atoms 

coordinated to the surface oxygens. On average, this charge donation equally affects the O and Mn 

atoms of the slab, which acquire 0.01 electron each. However, the Mn cations closest to the noble 

metal (labeled MnAu in Fig. S8b and S9b) are, individually, the most affected by the electron transfer: 

in passing from the bare to the decorated surface, each MnAu gains on average 0.1 electrons. This 

indicates that, on a local level, the donated charge concentrates mainly on the Mn atoms bonded to 

the oxygen atoms directly coordinated to Au (labeled as MnAu). Since the portion of electronic charge 

transferred by Au to the generic Mn surface atoms is much lower than that donated to the nearest 
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neighbor Mn atoms MnAu (0.01e vs. 0.1e), its effect should likely be unappreciable at the length scales 

of the surface areas typically sampled during XPS measurements. Hence, these computational data 

would explain why no appreciable variation of the Mn2p BE could be observed upon going from bare 

MnO2 to Au/MnO2 (Figure 1b, main text).

This picture remains unaltered in passing to the models with an adsorbed EtOH molecule (see Table 

S4). 

Fig. S10  Graphical representation of the Au-decorated MnO2(101) slab with an adsorbed ethanol 
molecule. The Bader volumes associated to the O and H atoms of ethanol and to the Mn* and O* 
atoms of the surface are represented as shaded regions (Red=oxygen; White = hydrogen; Green=Mn*) 
(isodensity contour used for the picture = 0.04 e/Å3). Atom color codes: Blue spheres: Mn (spin-up); 
Green spheres: Mn (spin-down); Red spheres: O; Gold spheres: Au; Cyan spheres: C; White spheres: H.

The partially covalent character of the EtOH-surface hydrogen bond can be visually 

represented by the Bader volumes associated to the hydroxyl proton, the MnO2 surface 

oxygen involved in the hydrogen bond (O*) and the hydroxyl oxygen of ethanol OEt (Fig. S10). 

The QTAIM states that each Bader volume (also known as atomic basin) encloses a single 

maximum of the electron density. Moreover, each Bader volume is delimited by a zero-flux 

surface of the electron density, - i.e. the electron density gradient component normal to this 

surface is zero. Such zero-flux surfaces partition the molecular electronic density into distinct 

atomic basins and are characteristic of bonding interactions.52 As depicted in Fig. S10, the 

atomic basin associated to the hydroxyl proton has a common zero-flux surface of the electron 
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density with both the neighboring oxygen atoms, thus underlining the electronic coupling of 

the proton with both ethanol and the oxide surface. The Bader volumes associated to the 

ethanol hydroxyl oxygen and to the Mn* surface atom, respectively represented as red and 

green shaded regions in Fig. S10, also have a common surface, indicating that also this 

interaction has an appreciable covalent character.
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