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1. Introduction

Oxygen evolution reaction (OER) is the 
most imperative process for several 
energy conversion and storage devices, 
encompassing fuel cells, water splitting 
systems, and metal-air batteries, but its 
efficiency is severely limited by the mul-
tiple-electron transfer elementary steps, 
resulting in a significant energy bar-
rier.[1–9] Although precious metal oxides, 
such as those of Ru and Ir, have proven 
to be catalytically efficient in triggering 
OER processes, their high cost, and rarity, 
along with the limited long-term stability, 
make them unfeasible on an industrial 
scale.[1,3,4,6,9,10] As a consequence, extensive 
research efforts have been focused on the 
development of cost-effective and earth-
abundant OER anodic catalysts featuring 
an appreciable activity and a sufficient 
service life for practical end-uses.[5,11–15] 
In this context, spinel-type Co3O4 has 
emerged as an attractive candidate thanks 

to its mixed Co(II)/Co(III) valency, tunable defect chemistry, 
low price, and good operational stability.[7,12,16,17] Nevertheless, 
since bulk Co3O4 presents a low surface area and—similarly to 
many transition metal oxides—suffers from a modest electronic 
conductivity, the full exploitation of its electrochemical perfor-
mances inevitably requires a tailored design and engineering 
of the anode structure.[5,16,18–23] To this aim, important degrees 
of freedom are offered by a proper choice of the substrate, 
the modulation of the catalyst properties, and, eventually, the 
introduction of suitable co-catalysts, whose synergistic interac-
tions with Co3O4 may afford a favorable improvement of the 
resulting electrochemical behavior. As concerns the substrate, 
the use of porous and highly conductive scaffolds enables an 
efficient catalyst dispersion and adhesion on the substrate, pro-
viding thus favorable pathways for both mass and charge trans-
port.[13,20,24,25] Among the various options,[18,26] metallic nickel 
foams have received increasing attention since they combine 
a remarkable electrical conductivity with a high active area 
arising from a continuous 3D open-pore structure.[13,24,27–29] 
In addition, the nanoscale control of Co3O4 characteristics, 
including exposed crystallographic facets and oxygen vacancy 
content, are effective means to enhance electrical conductivity 
and tailor material reactivity,[5,17,30–34] improving the ultimate 
catalytic performances.[1,2,5,6,11,12,16,21,22,26,35] The latter can be 
further boosted by functionalization of Co3O4 with a suitable 
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co-catalyst, often a second nanostructured metal oxide. Suc-
cessful examples include Co3O4 coupling with Fe2O3, NiO, 
CuO, or ZnO nanoparticles (NPs),[26,36–39] whose introduction 
can result in an increased amount of active sites, and promote 
a synergistic catalytic/electronic interplay between the system 
components.[26,36–38,40–42] To this aim, a key role is played by 
the successful implementation of flexible preparative strategies 
allowing a direct control over material morphology, structure, 
and composition. In this regard, plasma-assisted routes such 
as plasma enhanced-chemical vapor deposition (PE-CVD) and 
radiofrequency (RF) sputtering, benefitting from the unique 
properties of cold-plasmas,[6,43–45] represent versatile techniques 
for the production of functional nanomaterials with tailored 
properties. The utility and flexibility of cold plasmas for the 
above routes are due to their high chemical reactivity even in 
the absence of external thermal supplies, enabling material 
processing at temperatures lower than the ones used in con-
ventional routes.[46] The bombardment of the growing surface 
by accelerated heavy species might result in the development 
of specific growth directions and/or in the obtainment of meta-
stable crystal phases, peculiar morphologies, and highly defec-
tive structures.[6,16,44,47,48] In the case of porous substrates, such 
as Ni foams, ion bombardment and the associated local energy 
transfer are responsible for an inherent infiltration power, ena-
bling an effective catalyst (and eventually co-catalyst) dispersion 
into the substrate pores system.[20,43,45,47,49] These effects, com-
bined with the excitation, ionization, and dissociation of gas 
molecules promoted by “hot” electrons, enable the activation of 
a unique gas-phase and surface chemistry, diversifying material 
features from those obtained by standard vapor-phase routes.[44] 
In general, deposition, ablation, and surface modification pro-
cesses are concurrent and the predominance of one over the 
others can be obtained by a proper choice of the experimental 
conditions. In particular, the ubiquitous competition between 
deposition and ablation phenomena limits particle growth at the 

nanoscale and favors the formation of a high density of inter-
faces,[20,44,45] a favorable issue for the target applications. Finally, 
the above techniques enable the growth of the catalyst directly 
over the substrate, resulting in enhanced stability and avoiding 
thus disadvantages typical of powdered materials.[2,13,20,25,27,39,43]

In the present work, pure and Fe2O3-containing Co3O4-based 
electrocatalysts are grown on porous Ni foams according to the 
fabrication route sketched in Figure 1. Specifically, Co3O4 nano-
structures are synthesized by PE-CVD and eventually decorated 
via RF-sputtering with Fe2O3 NPs as co-catalysts.[18,20,31,32,50] For 
comparison, RF-sputtering is also used to deposit intermixed 
Co3O4-Fe2O3 NPs or bare Fe2O3 directly on Ni foams.

After a detailed structural, compositional, and morpho-
logical investigation of the obtained systems, the same are 
preliminarily tested as OER electrocatalysts, devoting particular 
attention to the interplay between material physicochemical 
characteristics and functional performances.

2. Results and Discussion

2.1. Material Characterization

Preliminary structural characterization of the target materials 
was performed through X-ray diffraction (XRD). For samples 
Co(CVD) and Co(CVD)-Fe(S), the recorded patterns (Figure S1,  
Supporting Information) showed two signals at 2θ = 31.1° and 
36.6° ascribed respectively to the (220) and (311) crystallographic 
planes of cubic spinel-type Co3O4.[17,35,51,52] For specimen 
Co(CVD)-Fe(S), the lack of appreciable Co3O4 peak shifts in 
comparison to sample Co(CVD) allowed to exclude the occur-
rence of cobalt oxide doping by iron,[33,47] and was in line with 
the formation of a separate Fe-containing phase upon sput-
tering, as indeed confirmed below by transmission electron 
microscopy (TEM). In addition, the slight decrease of the overall 
diffracted intensity concerning specimen Co(CVD) was ascribed 
to plasma-surface interactions and ion bombardment of Co 
oxide upon Fe2O3 deposition.[53] This phenomenon was respon-
sible for a concomitant increase of O defects content (see below 
and Figure S2, Supporting Information). The lack of reflections 
for samples Co(S)-Fe(S) and Fe(S) suggested that the mild RF-
sputtering conditions adopted herein yielded the deposition of 
relatively low cobalt/iron oxide amounts,[20,54] as indeed con-
firmed by complementary analytical results (see below).

Information on material chemical composition was obtained 
by X-ray photoelectron spectroscopy (XPS). Wide-scan spectra 
(Figure 2a) revealed only a minor carbon contribution (10 at%) 
attributed to atmospheric contamination.[47,55,56] For samples 
Co(CVD) and Co(CVD)-Fe(S), the expected cobalt and oxygen 
signals were detected and accompanied by iron signals in the 
latter case. In line with the above XRD data, these results sug-
gested a high dispersion of iron-containing particles into the 
pristine Co3O4,[20,54] without a complete coverage of the latter. 
The surface co-presence of both cobalt and iron was detected 
even for sample Co(S)-Fe(S), although in a different ratio (see 
below). For this specimen as well as for Fe(S), even nickel sig-
nals from the underlying substrate were observed, revealing 
that the adopted RF-sputtering conditions led to the deposition 
of low material amounts.[20,54]

Figure 1.  Sketch of the plasma-assisted route adopted for the preparation 
of the target materials. The various specimens are labeled as follows: 
Co3O4 nanostructures grown by PE-CVD → Co(CVD); PE-CVD grown 
Co3O4 nanostructures functionalized with Fe2O3 NPs by RF-sputtering 
→ sample Co(CVD)-Fe(S); intermixed Co3O4-Fe2O3 NPs fabricated by 
RF-sputtering → Co(S)-Fe(S); bare Fe2O3 fabricated by RF-sputtering → 
Fe(S).
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Valuable insights into the chemical state of the fabricated 
electrode materials were gained by the detailed analysis of the 
most representative Co, Fe, and O XPS photopeaks (Figures 2b-d  
and Figure S2, Supporting Information). Regardless of the 
synthesis conditions, the binding energy (BE) and spin-orbit-
separation (SOS) of the Co2p peak [Figure  2b; BE(Co2p3/2) = 
780.2 eV; SOS = 15.2 eV], along with the low intensity of shake-
up satellites, confirmed the formation of Co3O4 as the predomi-
nant cobalt oxide.[17,21,35,47,53,56,57] This conclusion was further 
supported by calculation of the cobalt Auger parameter (see 
also Figure 2c; α = 1552.6 eV).[47,56] As far as the Fe2p peak is 
concerned [Figure 2d; BE(Fe2p3/2) = 711.2 eV; SOS = 13.4 eV], its 
spectral features were in good agreement with previous litera-
ture data for Fe2O3.

[46,47,53]

Additional information was provided by the analysis 
of the O1s signals (Figure S2, Supporting Information, 
that resulted from a first component due to lattice oxygen  

(I; mean BE = 529.9 eV)[8] and an additional band (II; average 
BE = 531.6 eV) attributed to hydroxyl groups chemisorbed on O 
defects.[6,17,46,47,52] The latter band amounted to 30%, 38%, 54%, 
and 47% of the total oxygen content in Co(CVD), Co(CVD)-Fe(S), 
Co(S)-Fe(S), and Fe(S) respectively. The increased content of 
oxygen vacancies is indeed beneficial in enhancing material 
performances in OER applications.[6,17,21,57,58] The higher sur-
face defectivity of the last three specimens, arising from an 
effective plasma bombardment during the sputtering step (see 
above), might also be responsible for the appearance of the 
weak shake-up features on the high BE side of Co2p3/2 and 
Co2p1/2 bands for samples Co(CVD)-Fe(S) and Co(S)-Fe(S) (see 
Figure  2b).[21,35,48] This phenomenon suggests a concomitant 
slight surface reduction of Co3O4, in agreement with previous 
studies.[17,21,48,52,57,58]

Table S1 (Supporting Information) reports the Co, Fe, Ni, and 
O XPS atomic percentages for the various specimens, whereas the 
corresponding iron surface molar fraction, XFe (see Experimental 
Section), is displayed in Figure 2e. The latter parameter provides 
a fingerprint on the extent of Co3O4 surface functionalization by 
iron-based NPs. As can be observed, XFe could be tailored in the 
range 0–100% according to the adopted preparative conditions. 
More specifically, for samples Co(CVD)-Fe(S) and Co(S)-Fe(S), 
the obtained XFe values (60% and 37%, respectively) indicated 
the surface co-presence of cobalt and iron oxides in comparable 
amounts. As discussed in the following, this issue seems to play 
a beneficial role on the resulting OER performances.[41,58,59]

Subsequently, efforts were dedicated to the investigation 
of material morphology by field emission-scanning electron 
microscopy (FE-SEM) (Figure 3). As can be observed, pure 
Co3O4 [sample Co(CVD)] was characterized by an ordered 
array of elongated Co3O4 nanostructures (lateral size = 60 nm), 
evenly covering the underlying Ni foam substrate (Figure  3a). 
Upon functionalization with iron oxide [specimen Co(CVD)-
Fe(S); Figure  3b], no significant alteration of the system mor-
phology took place, in line with the mild sputtering conditions 
and the deposition of a low Fe2O3 amount.[20,54] Differently, 
for specimens Co(S)-Fe(S) and Fe(S) (see Figures 3c,d), the Ni 
foam support appeared homogeneously decorated by small, 
dispersed NPs with an average diameter ≤20  nm. Taking into 
account even the low amount of sputtered material (see also 
TEM results below), such morphology is in line with the detec-
tion of the Ni2p XPS signal (Table S1, Supporting Information).

A deeper insight into the system nanostructure was gained 
by cross-sectional TEM and energy dispersive X-ray spectros-
copy (EDXS) measurements. For sample Co(CVD)-Fe(S), in 
line with FE-SEM observations, the obtained results confirmed 
the uniform Ni foam coverage by an array of anisotropic Co3O4 
quasi-1D structures (mean length and width ≈700 and 50 nm, 
respectively; Figure 4a), growing almost perpendicularly to 
the substrate surface. As revealed by EDXS elemental map-
ping, Fe2O3 was evenly covering cobalt oxide structures and 
was mainly confined in the outermost material region. In 
line with XRD results (see above), high resolution (HR) TEM 
and electron diffraction (ED) investigation (Figure  4b) con-
firmed the presence of cubic spinel-type Co3O4 (space group: 
Fd-3m(227), a = 8.07 Å, ICSD 36 256), while HRTEM imaging 
in combination with Fourier transform (FT) (Figure  4b inset) 
revealed its decoration by γ-Fe2O3 (space group: Fd-3m(227), 

Figure 2.  a) XPS survey spectra for the target specimens. b) Co2p, 
c) CoLMM (in kinetic energy, KE), and d) Fe2p photoelectron and Auger 
signals. Color codes as in panel (a). e) Iron surface molar fraction (XFe) 
for the target samples.
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a  = 8.37 Å, ICSD 247 034) NPs (average dimensions = 4  nm). 
In line with previous studies, the occurrence of γ-Fe2O3 instead 
of the thermodynamically stable α-Fe2O3 phase was traced back 
to the unique nonequilibrium conditions characterizing the 
present plasma-assisted synthetic strategy.[20,54] Nonetheless, 
maghemite formation can also be favored by its structural simi-
larity with spinel-type Co3O4, both belonging to the cubic Fd-3m 
system and possessing similar unit cell parameters. Overall, the 
1D morphology of the present Co3O4 nanostructures and the 
functionalization of their tips by low-sized γ-Fe2O3 aggregates 
anticipates a high number of active surface sites, a promising 
issue in view of OER applications.[37,40]

Concerning sample Co(S)-Fe(S), a different material nano-
organization was observed (Figure 5). The deposit had an 
overall thickness ranging between 10 and 20 nm—much lower 
than the previous specimen—and was formed by intermixed 
Co3O4 and Fe2O3 pseudo-spherical NPs with a typical size of 
≈5–8 nm. Altogether, such aggregates formed a thin and rela-
tively porous layer, a feature in line with the detection of Ni2p 

signal revealed by surface XPS analyses. The strong intermixing 
between Co3O4 and Fe2O3 phases and the high density of the 
resulting heterointerfaces, whose occurrence was promoted by 
the adopted plasma-assisted preparative strategy, might produce 
synergistic catalytic and electronic effects favorable for OER 
applications. Additional benefits in this regard arise from the 
reduced particle size, which, in turn, favors charge transport 
phenomena,[26,37,38,40,41] suppressing detrimental recombination 
losses. For sample Fe(S) (Figure S3, Supporting Information), 
the Fe2O3 deposit appeared morphologically similar to the pre-
vious one, and, accordingly, the formation of γ-Fe2O3 took place 
even in this case.

2.2. Electrochemical Tests

A preliminary assessment of OER performances of the developed 
materials was assessed by electrochemical measurements in 1 m  
KOH solutions. Linear sweep voltammetry (LSV) (Figure 6a)  

Figure 3.  Representative FE-SEM micrographs for Co(CVD) (a), Co(CVD)-Fe(S) (b), Co(S)-Fe(S) (c), and Fe(S) (d) electrodes. In each case, higher 
magnification images are shown as insets. The morphology of the bare Ni foam is also shown in the top panel.
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and cyclic voltammetry (CV) curves (Figure S4, Supporting 
Information) were all characterized by an anodic feature 
corresponding to the M-O → M-O(OH) conversion process, 
a phenomenon typically observed for metal oxide structures 
in alkaline solutions under the application of relatively high 
potentials.[52,59,60] In addition, LSV curves revealed that, for all 
samples, the overpotential required to achieve a current den-
sity of 10  mA cm−2 was systematically lower than that of the 
bare Ni substrate, and increased in the order Co(S)-Fe(S) < 
Fe(S) < Co(CVD)-Fe(S) < Co(CVD) < Ni foam (Table 1) sug-
gesting a higher activity for specimens obtained by direct RF-
sputtering on Ni foam and, in particular, for the Co(S)-Fe(S) 
system. Indeed, the Co(S)-Fe(S) sample exhibited an overpoten-
tial 50 mV lower than the bare Ni foam, and 30 mV lower than 
Co(CVD)-Fe(S), which had a similar composition but different 

morphological and structural features. On the other hand, the 
Co(CVD)-Fe(S) sample outperformed all the others as regards 
current density values at high potentials. In particular, at 1.79 V 
versus reversible hydrogen electrode (RHE) (Table 1), Co(CVD)-
Fe(S) showed a current density 57% higher than Ni foam and 
30% higher than Co(CVD), confirming the beneficial role 
of γ-Fe2O3 functionalization on the resulting electrocatalytic 
performances.

In line with previous investigations,[61,62] Tafel plots were 
hence calculated from LSV curves to obtain further informa-
tion about reaction kinetics (Figure  6b). The obtained slopes 
(Table 1) decreased in the order Ni foam > Co(CVD) > Fe(S) > 
Co(S)-Fe(S) > Co(CVD)-Fe(S), suggesting thus a faster reaction 
kinetics for the latter specimen.[20,32] In general, a Tafel slope 
decrease can be ascribed to changes in the reaction mechanism 

Figure 4.  a) Low magnification HAADF-STEM cross-sectional image and corresponding EDXS elemental maps for sample Co(CVD)-Fe(S). b) HRTEM 
micrograph and ED pattern (inset in the upper right corner) for the same specimen, confirming Co3O4 decoration by γ-Fe2O3 nanoparticles. The mag-
nified images of A and B regions (marked by white boxes) and corresponding FT patterns refer to γ-Fe2O3 nanostructure viewed along [112] and [110] 
zone axes.
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(the Tafel slope decreases once the rate-determining step 
is closer to the end step of a series of reactions) and/or to a 
different degree of surface coverage by reaction intermediates 
(the higher the coverage, the lower the corresponding Tafel 
slope) even for the same rate-determining step.[4,63,64] The 
former effect could account for the improved performances of 
composite materials with respect to single component ones. 
In fact, synergistic Co3O4/Fe2O3 interactions could favorably 
affect the reaction mechanism inducing a shift toward the last 

reaction of the four-step OER mechanism, reducing thus both 
overpotential and Tafel slope values.[4,59,64] On the other hand, 
the higher current density of Co(CVD)-Fe(S) with respect to 
Co(S)-Fe(S) at high potentials (>1.75  V versus RHE) can be 
explained basing on the following issues. As evidenced by TEM 
analyses, in the case of Co(CVD)-Fe(S), the Ni substrate is cov-
ered by a deposit endowed with an open structure whose sur-
face area is deemed to be higher than that of Co(S)-Fe(S). The 
latter sample, conversely, showed a distribution of fine-grained 
Co3O4-Fe2O3 intermixed NPs forming a discontinuous thin 
layer on the Ni foam substrate. These characteristics suggested 
a faster charge carrier transfer from the active sites to the 
external circuit in the case of Co(S)-Fe(S), accounting thus for 
its lower overpotential.[30] As a matter of fact, the higher surface 
area of Co(CVD)-Fe(S) (see CDL values in Table 1) with respect 
to Co(S)-Fe(S) favors the presence of a higher number of active 
sites and, in turn, a higher degree of surface coverage by reac-
tion intermediates. These issues are responsible for the lower 
Tafel slope of sample Co(CVD)-Fe(S), and may account for its 
enhanced current density at high potentials.[30,59]

The above explanation is further corroborated by the evalua-
tion of current density differences (Δj) versus the applied poten-
tial between thick and large-area deposits [i.e., Co(CVD) and 
Co(CVD)-Fe(S)], and thin discontinuous ones [i.e., Co(S)-Fe(S) 
and Fe(S)] (Figure 7a). In all cases, two regions can be identified 
in the plot. At low applied potentials (grey regions in Figure 7a), 
Δj values decreased, revealing a faster increase of current den-
sity for Co(S)-Fe(S) and Fe(S) samples, whereas at high poten-
tials [>1.65  V for Co(CVD)-Fe(S), >1.73  V for Co(CVD); red 
regions in Figure  7a] Δj values increased indicating a faster 
current density rise for Co(CVD)-Fe(S) and Co(CVD). In other 
words, at low applied potentials, thin deposits [Co(S)-Fe(S) and 
Fe(S)] benefit from shorter charge carrier pathways (Figure 7b, 
top). In addition, in the case of specimen Co(S)-Fe(S), its higher 
oxygen defectivity and the synergistic interaction between 
Co3O4 and Fe2O3 (see above) further boost the ultimate OER 
performances. Conversely, the higher resistivity of the thicker 
Co3O4 layer, deposited by PE-CVD, requires larger potentials 
to promote holes migration toward the outermost surface 
(electrons migration toward the external circuit) where a large 
number of active sites allows the efficient adsorption/activation 
of reactants and intermediates, sustaining thus high current 
densities.

As a consequence, thick porous deposits, i.e., Co(CVD) and 
especially Co(CVD)-Fe(S), show the best electrocatalytic activity 
(Figure  7b, bottom). This conclusion is further confirmed by 
electrochemical impedance spectroscopy (EIS) data (Figure S5, 
Supporting Information), clearly showing that the more resis-
tive samples are the ones containing the Co3O4 deposit grown 
by PE-CVD, whereas lower resistance values were found 
in specimens fabricated by RF-sputtering. Regarding these 
results, it is also worthwhile highlighting that functionalization 
with Fe2O3 has a significant beneficial effect on the electrocata-
lytic properties of the Co3O4 deposit synthesized by PE-CVD. In 
fact, the charge transfer resistance of Co(CVD)-Fe(S) is strongly 
reduced if compared with specimen Co(CVD). Remarkably, the 
overpotential and Tafel slope values of the developed electrocat-
alysts compare favorably with other Co-based systems reported 
in the literature so far (see Table S2, Supporting Information).

Figure 5.  a) Low magnification HAADF-STEM cross-sectional image and 
corresponding EDXS elemental maps for Co(S)-Fe(S). b) HRTEM images 
and corresponding ED pattern for the same specimen, showing the Ni 
foam coverage by a composite Co3O4-Fe2O3 layer (marked by the white 
arrows). c) Representative HRTEM micrograph and pertaining higher res-
olution images, with corresponding FT patterns of γ-Fe2O3 nanoparticles 
viewed along the [101] zone axis (A, upper left corner) and [001] zone axis 
(B, bottom right corner). FT patterns were indexed basing on the cubic 
γ-Fe2O3 structure.
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The time stability of the developed materials was investi-
gated by means of chronoamperometry (CA) for 15 h at a fixed 
potential of 1.65  V versus RHE. As can be observed from an 
inspection to Figure 8a, Co(S)-Fe(S) and Fe(S) exhibited a trend 
similar to that of the bare Ni foam, characterized by a slight 
current density increase during the first 1–2 h, followed by a 
j value decrease of 17%, 20%, 31% for Fe(S), Co(S)-Fe(S), and 
Ni foam, respectively. In a different way, in the case of speci-
mens Co(CVD) and Co(CVD)-Fe(S), the measured current den-
sity increased during the first 4 h of testing, and subsequently 
underwent only a very modest decrease (3%, for Co(CVD); 
9%, for Co(CVD)-Fe(S)), an important prerequisite in view of 
practical end uses. In order to further verify the occurrence 
of possible material deterioration, LSV curves were recorded 
again after CA experiments (Figure  8b). For each of the ana-
lyzed specimens, the j versus ERHE trend was almost identical 
to the pertaining one collected before chronoamperometric 
measurements (compare Figure  8b with Figure  6a), enabling 
thus to rule out any appreciable corrosion phenomenon. Taken 
together, the present results highlight Co(CVD)-Fe(S) as the 
best performing system among those investigated in the pre-
sent work.

3. Conclusion

In summary, pure and Fe2O3-containing Co3O4-based OER 
electrocatalyst materials with tailored compositional and 

morphological properties were fabricated by an original plasma-
assisted strategy. Specifically, Co3O4 quasi-1D nanostructures 
were deposited on porous Ni foams by PE-CVD, and eventually 
decorated by a tiny amount of Fe2O3 NPs by RF-sputtering. The 
system structure and properties were analyzed in detail, and 
critically compared with those of thin and porous deposits com-
posed by finely grained pure Fe2O3 or intermixed Co3O4-Fe2O3 
NPs fabricated by sputtering.

The results obtained by a multi-technique characterization 
approach highlight that Co3O4 coupling with Fe2O3 success-
fully boosts OER functional behavior in comparison to single-
phase materials, both in terms of activity and time stability. 
Preliminary electrocatalytic functional tests revealed that the 
best performances corresponded to current densities up to 
≈120 mA cm−2 at 1.79 V versus RHE, an overpotential as low as 
≈350 mV at 10 mA cm−2, accompanied by a Tafel slope of only 
60  mV dec−1. The present findings were rationalized basing 
on concurring effects related to the catalyst morphology and 
nanoscale organization, as well as to its composition in terms of 
Co3O4/Fe2O3 ratio and oxygen defectivity. Overall, the obtained 
results revealed that a careful tailoring of such material charac-
teristics empowers the functional behavior of Co3O4-based OER 
electrocatalysts, rendering them attractive alternatives to state-
of-the-art anode materials based on rare and expensive metals 
such as Ru and Ir. Additional perspectives for research develop-
ments will concern CA stability tests on the fabricated materials 
for a duration ≥100 h, in view of eventual practical applica-
tions. Ultimately, the proposed synthetic approach, which can 

Figure 6.  Electrochemical performances of Co(CVD), Co(CVD)-Fe(S), Co(S)-Fe(S), Fe(S), and bare Ni foam in 1.0 m KOH media: a) LSV curves. The 
horizontal dashed line marks the current density of 10 mA cm−2; b) corresponding Tafel plots.

Table 1.  Relevant electrochemical parameters for the target materials: overpotentials required to reach a current density of 10 mA cm−2, current densi-
ties at 1.79 V versus RHE, Tafel slopes related to the OER in 1.0 m KOH solution, and double layer capacitance (CDL, normalized by the geometrical 
area) derived from CVs in the non-Faradaic region.

Material Overpotential [mV] j [mA cm−2] @ 1.79 V vs. RHE Tafel slope [mV dec−1] CDL [mF cm−2]

Ni foam 404 75 80 0.42

Co(CVD) 396 91 71 0.76

Co(CVD)-Fe(S) 382 118 60 0.63

Co(S)-Fe(S) 355 112 62 0.33

Fe(S) 366 105 66 0.41
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be operated under relatively mild processing conditions and 
without any surfactant or binder, offers amenable opportunities 
and guidelines for the design of high-performance electrocata-
lysts taking advantage on strong interactions between the single 
components at the nanometer scale.

4. Experimental Section
Material Preparation: The target materials were grown by PE-CVD 

and/or RF-sputtering on commercial Ni foams (Ni-4753, RECEMAT BV; 
thickness = 1.5 mm; lateral size = 1 × 1.5 cm2), following the procedure 
sketched in Figure  1. The substrates were preliminarily cleaned by 
sonication in dichloroethane (10  min), 3.5 m HCl (10  min), and 
ethanol (10 min)[19,25,27,28,65] and subsequently mounted on the ground 
electrode of a custom-built RF-powered (13.56  MHz) plasmochemical 
reactor.[46,47]

PE-CVD grown Co3O4-based materials [samples Co(CVD) and Co(CVD)-
Fe(S)] were prepared starting from Co(tfa)2TMEDA (tfa = 1,1,1-trifluoro-2,4-
pentanedionate; TMEDA = N,N,N’,N’-tetramethylethylenediamine) as 
the cobalt molecular source.[66] The compound was vaporized at 70 °C  
in an external glass reservoir and its vapors were transported into the 
PE-CVD reactor by an Ar flow [rate = 60 standard cubic centimeters 

per minute (sccm)] through gas lines maintained at 130 °C by means 
of external heating tapes. Additional Ar and O2 flows (rates = 15 and 
5  sccm, respectively) were introduced into the reaction chamber 
through independent inlets. Basing on preliminary optimization 
experiments, depositions were performed for 180  min at a substrate 
temperature of 300 °C and a total pressure of 1.0 mbar, using an 
RF-power of 20  W. For the preparation of sample Co(CVD)-Fe(S), 
Fe2O3 NPs were dispersed over previously obtained PE-CVD Co3O4 
by RF-sputtering in Ar plasmas (see Figure  1) from a Fe target (Alfa 
Aesar, 99.995%, 50  ×  50 mm2, thickness  = 0.25  mm). Depositions 
were performed using the following settings: RF-power = 20 W; total 
pressure = 0.3 mbar; growth temperature = 60 °C; Ar flow rate = 10 sccm; 
process duration = 180 min.[20] The same process parameters were used 
for the fabrication of sample Co(S)-Fe(S) by RF-sputtering, yet starting 
from a Fe2O3-Co3O4 mixed target (Neyco, purity = 99.9%, 50 × 50 mm2, 
thickness = 2 mm). Finally, a bare Fe2O3 sample [specimen Fe(S)] was also 
prepared as a reference by RF-sputtering from the above indicated iron 
target, using the same operating conditions adopted for the preparation 
of sample Co(CVD)-Fe(S).

Chemico-Physical Characterization: XRD measurements were 
performed in glancing incidence mode (θi  = 1.0°) by a Bruker AXS D8 
Advance Plus diffractometer equipped with a Göbel mirror and a CuKα 
X-ray source (λ = 1.54051 Å) powered at 40 kV, 40 mA.

XPS analyses were carried out on a Perkin–Elmer Φ 5600ci system, 
using a non-monochromatized MgKα excitation source (hν = 1253.6 eV). 
Charging correction on BE values was carried out referencing the 
C1s peak at 284.8  eV.[55] Atomic percentages (at%) were obtained by 
peak integration using Φ V5.4A sensitivity factors. Data processing 
involved Shirley-type background subtraction, and, when necessary, 
spectral deconvolution through the XPSPEAK 4.1 software. The cobalt 
Auger parameter was calculated according to the following equation: 
α = BE(Co2p3/2) + KE(CoLMM).[55] The iron surface molar fraction was 
defined as: XFe = [(Fe at%) / (Co at% + Fe at%)] × 100.[47]

FE-SEM images were collected on a Zeiss SUPRA 40VP microscope, 
operating at primary beam acceleration voltages of 10 kV and collecting 
electrons by means of an in-lens detector. The average particle size was 
estimated by processing high-resolution micrographs with the ImageJ 
software.[67]

Thin cross-sectional samples for 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 material, 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 Pt 
protective layer was deposited during sample preparation to prevent 
the structures from collapsing. TEM analyses, including HRTEM, high 

 

1.50 1.60 1.70 1.80
EWE (V) vs. RHE

-30

-20

-10

0

10

20

∆
j (

m
A

/c
m

2 )

∆j = Co(CVD)-Fe(S) – Fe(S)
∆j = Co(CVD)-Fe(S) – Co(S)-Fe(S)

∆j = Co(CVD) – Fe(S)
∆j = Co(CVD) – Co(S)-Fe(S)

Charge
carriers
pathway

Available
active sites

Ni foam

e-

e-e-

Co(CVD)-Fe(S)

e-

Ni foam

Co(S)-Fe(S)(a) (b)

e-

Figure 7.  a) Current density differences (Δj) as a function of the applied 
potential. b) Schematic representation of active sites (red spots) and 
charge carriers pathway (yellow arrows) in samples Co(S)-Fe(S) and 
Co(CVD)-Fe(S).
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angle annular dark field-scanning transmission electron microscopy 
(HAADF-STEM), and EDXS measurements were carried out on a 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.

Electrochemical Studies: The electrocatalytic activity of the developed 
systems was tested using a standard three-electrode configuration, 
using an Autolab PGSTAT204 potentiostat/galvanostat. The coated Ni 
foams were used as working electrodes (WEs) in 1.0 m KOH solutions 
(pH = 13.85), whereas standard calomel (ESCE = +0.246 V versus RHE; 
KCl 3 m) and a Pt wire were used as the reference (RE) and counter 
electrode (CE), respectively, as reported in the literature.[68] The SCE 
potential was periodically recalibrated after measurements to ensure a 
full reproducibility of the results obtained in repeated experiments, and 
no variations of its potential with respect to RHE were ever detected. For 
the bare Ni foam as well as for the fabricated electrocatalyst materials, 
the substrate was contacted with a metallic clamp, using a Teflon tape to 
limit the exposed area to 1.0 cm2. No epoxy resin was used for electrode 
fabrication, since tests performed before measurements enabled to 
assess that the Ni foam pores (see also the top FE-SEM micrograph 
displayed in Figure 3) were big enough to prevent any capillary effect that 
might increase the exposed area and lead to an activity overestimation 
(see movie in the Supporting Information). This is in line with the fact 
that the electrodes were immersed in the solution following a previously 
described “dry” scenario.[69]

The measured potential values versus SCE (ESCE) were converted 
into the RHE scale using the relation: ERHE(V) = EWE(V) + ESCE(V) + 
0.059 × pH. The overpotential values were calculated at 10  mA cm−2 
as ERHE(V) – 1.23, where 1.23 (in V) is the E° value for O2 evolution 
versus RHE. LSV curves were collected with a scan rate of 5  mV s−1, 
while CV cycles were acquired between 0.8 and 1.6  V versus RHE at 
50  mV s−1. iR-correction was calculated assuming the cell resistance 
value as derived from EIS data (typically ≈1 Ω). EIS measurements 
were performed in the frequency range 106–0.01 Hz, with 10 points per 
decade and 10  mV of modulation around a fixed potential of 1.55  V 
versus RHE.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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