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Oxygen Evolution Reaction by Ni-Hexacyanoferrates
Nanocubes Integrated with Trigonal Selenium: Effect,

Properties and Performances

Edlind Lushaj, Tofik Ahmed Shifa, Kassa Belay Ibrahim, Alessio Bertocco, Kamran Akbar,
Isabel Barroso-Martin, Antonia Infantes-Molina, Enrique Rodriguez-Castelldn,

Alberto Vomiero,* Elisa Moretti,* and Federico Polo*

Oxygen evolution reaction (OER) is a key step affecting the large-scale
hydrogen fuel production from water splitting due to its slow kinetics. Despite
numerous OER electrocatalysts, there is still a need for cheap, robust, and
efficient catalysts. Here, a new facile protocol aimed at synthesizing composite
nanostructures is described in which the characteristics of Prussian Blue
Analogues (PBAs), namely nickel hexacyanoferrate (Ni-HCF), and trigonal
selenium (t-Se) are merged. A novel surface-structure modulation strategy

is proposed that allows the PBA Ni-HCF to develop a new morphology

while integrating t-Se. Increasing selenization rates influence the shape, size,
composition, and electronic and functional properties of the materials with

a cube-to-sphere transition at high t-Se content. The catalyst with the second
highest t-Se content exhibits an overpotential of 180 mV, achieving a current
density of 10 mA cm~2 in 1 M KOH with a Tafel slope of 59.9 mV dec™'. This
performance, attributable to the synergistic effect of PBA-based nanomaterial
and trigonal selenium, rivals the best results described in the literature. The
study suggests a simplified route for developing effective OER electrodes using
economically affordable and abundant materials like Ni, Fe, and Se in Ni-HCF /¢-
Se, potentially replacing expensive Ru- and Ir-based commercial catalysts.

1. Introduction

The advent of structured materials at the
nanometric scale led to a new techno-
logical era that profoundly influenced the
most common aspects of everyday life and
set the birth and growth of multidisci-
plinary research fields. The development of
next-generation devices for electronics,!
agriculture,’! food industry,* and health
care,l>®l along with the implementation
of energy storage systems and catalytic
processes, such as the “green” hydrogen
production,[’) are among the few exam-
ples of such innovation. However, develop-
ing new nanostructured materials requires
in-depth knowledge and analysis of the
constituting elements and their reactivity.

In this context, Prussian blue analogs
(PBAs) were investigated and applied in
various fields for a long time. They were
first synthesized in Berlin in the early
18th century as synthetic pigments.!1]
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Afterward, many other applications followed, such as, for
example, those pertaining to energy storagel'!l and environ-
mental requalification.['?) PBAs can display several advantages,
mainly due to their open framework: i) 3D channels that al-
low diffusion of various charge-carrier ions;!"! ii) control over
the composition that can be achieved with negligible change
in the overall structure;'* iii) high stability of PBA-based
compounds;*°! iv) relatively low-cost reactants, which makes
large-scale production viable.!'®] Recently, novel synthetic strate-
gies, aimed at their optimization, provided novel morphologies
and composite systems.['”] In fact, any change in the compo-
sition of PBA materials enables tuning their crystal structure
and properties.['®! For instance, a controlled and selective
etching might enhance the sodium storage activity of nickel
hexacyanoferrate (Ni-HCF). Depending on the etching rate, a
morphological evolution can be achieved, which leads to an
improvement in the discharge capacity.[**l Moreover, previous
studies also reported that Na enrichment confers to the overall
structure excellent electrochemical stability while minimizing
the structural instability when applied in Na-ion batteries.[?"!
Additionally, the focus of nanotechnology is the development
of 2D and 3D nanostructures that provide controlled or modu-
lated shapes and properties. In this regard, nanocubes can be
employed as building blocks to incorporate nanoparticles, thus
leading to heterogeneous and/or composite nanostructures. For
instance, physico-chemical studies suggested that cubic shapes
in the nanometer scale could help confer superconductivity
properties when dispersed in isopropyl alcohol or in the form of
films.[?!l These findings have shown the fascinating properties
of such 3D materials, thus leading to increasing interest and
in-depth investigations.

Aside from PBA-based materials, selenium drew the attention
and interest of researchers worldwide as an element capable of
meeting the demands of the new technology, while addressing
the current needs. In particular, the high reactivity of Se with var-
ious metals even at room temperature makes it an excellent can-
didate for the synthesis of several nanomaterials based on metal
chalcogenides.[?22] In the solid state, selenium can exist in dif-
ferent allotropic forms including glassy amorphous, trigonal (or
hexagonal), and two monoclinic allotropes, the trigonal and the
monoclinic forms the most stable ones.!**] Amorphous selenium
is thermodynamically unstable and easily turns to stable trigonal
selenium (t-Se) at room temperature,!?] even if the growth and
crystallization conditions of the trigonal modification are still not
comprehensively understood. Selenium also has a high reactiv-
ity toward a range of chemicals that can be potentially exploited
to convert selenium into other functional materials (e.g., Bi,Se;,
ZnSe, and CdSe).1?’] Moreover, it can be easily shaped into a vari-
ety of morphologies.[?-?] Different properties are conferred de-
pending on the increase of the surface area, thus making the
nanostructures’ performances superior in several aspects: for in-
stance, power density, catalytic reaction rate, and turn-over cycle
in batteries.3*32] Nanostructured particles are also prone to fur-
ther surface modifications that enhance the properties of the elec-
troactive material.*3] Among the trigonal forms of selenium, the
most widely studied nanostructures are the ¢-Se nanowires, 2634
owing to their ease of growth and formation. During the nu-
cleation and growth, amorphous particles normally assume a
spherical shape to minimize the interfacial free energy, and the
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anisotropy in the crystalline structure of t-Se facilitates the growth
of 1D nanostructures. For instance, trigonal selenium nanowires
have been transformed into Ag,Se nanowires.[**! The synthetic
process was conducted by adding AgNO; to a t-Se nanowire sus-
pension in ethylene glycol. Then, a partial transformation at the
surface area followed by selective dissolution of the Se core al-
lowed us to obtain CdSe, Pd;,Se;s and RuSe, nanotubes.[>*%
However, despite the recognized importance of cubic shape and t-
Se for application as functional materials, no reports can be found
on the synthesis of t-Se integrated cubes, which represents a gap
in the field.[36-38]

In this article, we describe a facile synthetic protocol aimed at
modulating the surface-structure properties of pristine Ni-HCF
nanocubes, recently developed by us,!*! in which the character-
istics of PBAs and t-Se are merged. A cube-to-sphere morpho-
logical transition featuring different content of ¢-Se allowed ob-
taining structures with average dimensions in the range of 170—
190 nm showing interesting catalytic properties. Different prop-
erties of the materials were investigated and were found to vary
upon trigonal selenium integration, such as morphology, struc-
ture, composition, and optical band gap. Eventually, the new ma-
terials were employed in 1 M KOH solution as electrocatalysts
toward the oxygen evolution reaction (OER), which plays a key
role in the production of green hydrogen. The compound with
the second-highest content of t-Se exhibited remarkable catalytic
activity. Besides the fact that this is the first report in which the
integration of a t-Se feature in a single 3D nanostructured ma-
terial is described, we believe that our findings could potentially
lead to a streamlined synthetic approach to developing functional
composite materials utilizing t-Se for the evolution of oxygen.

2. Results and Discussion

2.1. Characterization of Ni-HCF/t-Se Nanostructures

The two-step synthetic protocol described in the Experimental
Section allowed for obtaining the composite Ni-HCF/t-Se mate-
rials.

The pure Ni-HCF sample, °|Ni-HCF, matches the pattern of
potassium nickel iron cyanide, showing the characteristic peaks
of this phase (Figure 1), as previously reported.??) These peaks
correspond to diffraction from the (100), (110),(200), (210),
(211),(220),(300),(310),(320),(321), (410),and (33
0) planes of potassium nickel iron cyanide, respectively. The se-
lenized samples (}|Ni-HCF, 2|Ni-HCF, 3|Ni-HCF, and *|Ni-HCF)
also show the same characteristic peaks of the potassium nickel
iron cyanide phase. Whereas the presence of t-Se selenium was
detected thanks to the appearance of multiple peaks that match
its pattern, as displayed at the bottom of Figure 1. Our findings
suggest that the bare Ni-HCF phase has been partially preserved
during the selenization process, while the formation of a new t-Se
phase occurred. Therefore, the selenization of the Ni-HCF mate-
rials led to the generation of a composite structure constituted by
two different phases. Moreover, the presence of a multiple sig-
nal pattern due to t-Se confirms that the selenization process was
properly conducted with the integration of selenium in the com-
posite material derived from the °|Ni-HCFs structure. According
to our synthetic protocol, t-Se can be obtained at ambient pres-
sure, without harming chemicals and requiring only a short ther-
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Figure 1. XRD patterns of bare nanocubes °|Ni-HCF, selenized counter-

parts, and reference patterns for potassium nickel iron cyanide (PDF#51-
1897) and t-Se (PDF#06-0362).

OINi-HCF

mal treatment (3 h at 100 °C). This brings a significant simplifi-
cation in the synthetic process of such phase, compared to other
methodologies reported in the literature,?64°2] demonstrating
that the proposed strategy meets the requirements for fast reac-
tion times and does not employ expensive and harmful reagents.

In Figure 2, the micrographs of pure and selenized samples
(panel a-d) show the effect of selenization on morphology. °|Ni-
HCEF appears as perfectly shaped nanocubes with an average edge
size of 190 nm (Figure 2b). Surprisingly, selenization modifies
the shape of the nanocubes, inducing a cube-to-sphere transi-
tion with the increase of the selenization process. At the highest
rates of selenization (*|Ni-HCF and *|Ni-HCF samples, Figure 2e;
Figure S1, Supporting Information) the morphology turns to an
almost perfect spherical shape (average diameter 170 nm, slightly
reduced, compared to 190 nm size edge of the pristine cubes).
Such effect is less pronounced in samples with lower rates of
selenization (|Ni-HCF and 2|Ni-HCF, Figure 2c,d, respectively),
where the cubic shape is still preserved (but with smoother edges)
and the average dimensions of ~180 nm do not vary significantly.
The values of the lateral dimensions of the composite nanostruc-
tures, when compared to those described in the literature, sug-
gest that the compounds synthesized in this work could be rea-
sonably used to develop superconductive films, given the appro-
priate size for such application.[*}]

HRTEM confirmed the information obtained by SEM analysis:
a harsher selenization process yields a cube-to-sphere change in
morphology (Figure 3a—d). Whereas EDX identifies the presence
of selenium, nickel, and iron (Figure 3e-h; Table S1, Supporting
Information), thus corroborating our previous observations aris-
ing from the XRD patterns. Indeed, the integration of selenium
in the structure and the formation of a homogeneous compos-

Adv. Funct. Mater. 2025, e10376 e10376 (3 of 1)

www.afm-journal.de

ite material was successfully achieved. Moreover, the selenization
process was found to affect both the composition and the struc-
ture/morphology of the material itself. Concerning ! [Ni-HCF and
2|Ni-HCF, HRTEM vyielded the same results previously observed
by SEM (see Figure 3a,b). Slight changes in the morphology
(smoother edges) and in the average dimension compared to the
pure material were also detected. EDX analysis highlights the
presence of selenium, nickel, and iron (Figure 3e,f; Table S1, Sup-
porting Information), confirming that composite structures with
mixed Ni-HCF and t-Se were successfully obtained. Furthermore,
STEM analysis was also carried out, which evidenced the forma-
tion of a core-shell structure, where selenium species are in the
outer shell of the particles (Figure S2, Supporting Information).

Following the general crystallographic and morphological
analyses, a more detailed investigation was conducted to evalu-
ate the structural evolution, properties, and phase composition
of the synthesized materials. The study confirmed that selenium
incorporation into the Ni-HCF lattice is not feasible, as indicated
by Rietveld refinement and elemental analysis. These results pro-
vide valuable insights into the stability and composition of the
synthesized materials, which are crucial for their potential elec-
trochemical applications. In conclusion, the morphological trans-
formation from cube to sphere with increasing t-Se content is
presumably due to the formation of 3D islands in heteroepitaxial
growth via selenium nucleation on the cubic faces of the Ni-HCF.
More details are available in the Supporting Information (Figures
S3-S5 and Tables S2—S5, Supporting Information).

The chemical compositions of pure and selenized Ni-HCFs
were further characterized with X-ray photoelectron spectroscopy
(XPS). High-resolution spectra of Fe 2p, Ni 2p, and Se 3d are dis-
played in Figure 4 to provide the electronic states of the elements.
Whereas high-resolution spectra of both C 1sand N 1s (Figure S6,
Supporting Information) confirm the existence of cyano-group in
Ni-HCF. The high-resolution C 1s spectra show five contributions
with binding energy (BE) values of 283.5, 284.8, 285.3, 286.9, and
288.8 eV, corresponding to the CN, C—C, C—0O, C=0/z—z" tran-
sition in the cyanide ligand (C=N) and O—C=0, respectively.[*!]
Moreover, the contribution at 283.5 eV is lower than that reported
for the CN group in K,[Fe(CN)]-3H,0 and K;[Fe(CN),] com-
pounds, 284.4 eV,[*] due to the presence of nickel outer metal
bonded to CN and alters the electronic coordination of carbon in
this compound. The high-resolution spectrum of N 1s presents
one peak with a BE of 397.8 eV corresponding to the cyano-group
(C=N).1** The signal appears to be less intense after the seleniza-
tion process, most likely due to the coverage of CN groups by
Se species. Fe 2p signal showed doublets (Fe 2p;,, and Fe 2p, ;)
and the binding energy of the 2p; , photoelectron contributions
associated with Fe?* (708.4 eV), Fe** (710.1 eV), and the charge
transfer from the C=N group to the iron (712.3 eV) are in agree-
ment with the reported literature values.[*! The C 1s spectra cor-
responding to the selenized samples reveal the same pattern.
However, the surface ratio Fe?*/Fe** changes from 0.8 to 5.5,
thus highlighting a sharp increase of Fe?* ions on the surface.
The high-resolution Ni 2p core level spectrum for pure Ni-HCF
shows the doublet (Ni 2p; , and Ni 2p, ;) with three components
for the Ni 2p; , signal, centered at 856.0, 857.6, and 860.0 eV and
assigned in literature to Ni?*, Ni**, and a satellite (Sat).[*’] After
the selenization process, a new contribution appears at 853.6 eV
along with a sharp increase in the satellite signal at 860.0 eV.
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Increasing Se content

Figure 2. a) Schematic evolution of morphology depending on the increase of selenization. SEM micrographs of b) °|Ni-HCF, c) '|Ni-HCF, d) 2|Ni-HCF,

and e) 3|Ni-HCF submicron structures.

This is associated with the presence of NiSe.[*¥! The resulting
Ni**/Ni** ratios are 2.7 and 2.3 for pure and selenized samples,
respectively. The high-resolution Se 3d spectrum shows a doublet
Se 3ds,,~Se 3d;,, with the main component located at 54.4 eV,
which can be assigned to NiSel*®! Moreover, it can be observed
a second doublet at higher binding energy (Se 3d;/, at 58.5 eV)
due to Se"—0 bonding, as a consequence of surface oxidation
of Se species in air.[*! Therefore, Fe 2p and Ni 2p spectra indicate
that the presence of reduced species is favored in the selenized
samples. All the data including surface atomic composition, and
related percentages are included in Table S6 (Supporting Infor-
mation). As can be observed, the surface composition pertaining
to C, N, and Fe suffers a sharp decrease after selenization, al-
though Ni content is slightly higher. This fact corroborates the

300 nm
o

hypothesis that Se is mainly at the surface of the cubes, consid-
ering the limited penetration depth of XPS analysis.

The oxidation states and local coordination environments of
the Ni species in pristine and selenized Ni-HCF nanocubes were
examined using X-ray Absorption Near Edge Structure (XANES)
and Extended X-ray Absorption Fine Structure (EXAFS) spec-
troscopy, as shown in Figure 5.

Figure 5a shows the Ni K-edge XANES spectra for Ni-HCF/t-Se
(t = 0-3), illustrating the impact of increasing Se concentration.
As can be seen from Figure 5b (enlarged view), a clear shift of the
absorption edge toward lower energy is observed upon seleniza-
tion. This shift suggests the formation of Ni—Se bonds and is
consistent with the transformation toward a NiSe-like structure.
The absorption edge positions of all samples lie between those of

60 nm
0 Bo

Figure 3. TEM micrograph of a) '[Ni-HCF, b) 2|Ni-HCF, c) 3|Ni-HCF, and d) #|Ni-HCF samples. Energy Dispersive X-ray (EDX) mapping showing the
distribution of the elements in e) T|Ni-HCF, f) 2|Ni-HCF, g) 3|Ni-HCF, and h) #|Ni-HCF. In all the selenized samples, EDX analysis shows the uniform

distribution of selenium, nickel, and iron.
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Figure 4. XPS spectra of ®3|Ni-HCF samples: a) Fe 2p; b) Ni 2p; c) Se 3d.
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Figure 5. a) Ni K-edge X-ray absorption near edge structure (XANES) spectra for ®3|Ni-HCF, showing the impact of increasing Se concentration. b)
enlarged view of the panel (a). c) R-space spectra showing three distinct peaks corresponding to metal-ligand (M-CN or Se at R = 2.1A), M-M (at R =
3.8A) in metallic clusters, and Se—Se bonding (at R = 4.5A), respectively. d) k-space spectra (k2-weighted) from Ni 3d.
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Ni foil (Ni%, Ni(OH), (Ni?*), and LiNiO, (Ni**), confirming that
the average oxidation state of Ni in these samples lies between
+2 and +3. This trend is consistent with the Ni 2p XPS spec-
tra (Figure 4), reinforcing the notion that selenization affects the
electronic structure of Ni-HCF as much as possible. Additionally,
the XANES spectra exhibit low-intensity whiteline spectra with
an increase in Se concentration. The gradual decrease in XANES
intensity with increasing Se concentrations indicates changes in
the electronic environment of Ni, further supporting the incor-
poration of selenium and its influence on the oxidation state and
coordination of Ni.

The local structural environment and average bond lengths
around the Ni atoms were analyzed using Extended X-ray Absorp-
tion Fine Structure (EXAFS) spectra, as shown in Figure 5c. In
the R-space Ni K-edge EXAFS spectra, three primary peaks are
observed at ~2.1, 3.8, and 4.5 A, corresponding to metal-ligand
(Ni-CN or Ni-Se), metal-metal (Ni—Ni), and Se—Se bonds,
respectively.

Compared to pristine °|Ni-HCF, the selenized Ni-HCF sam-
ples exhibit an increase in the EXAFS signal intensity with in-
creasing Se concentration, indicating a rise in the coordination
number around Ni due to the incorporation of Se atoms. Addi-
tionally, a shift of the R-space peaks to lower R values is observed
during selenization, suggesting shorter bond lengths consistent
with the formation of Ni—Se bonds and the transformation to-
ward a local NiSe-like structure.

In k-space, the EXAFS oscillations provide a better under-
standing of the local bonding environment. As illustrated in
Figure 5d, the amplitude of these oscillations increases with in-
creasing Se content. This enhancement arises from the stronger
backscattering effects caused by the heavier Se atoms replacing
the lighter CN ligands, leading to more pronounced EXAFS fea-
tures. The increased oscillation amplitude reflects the formation
of more Ni—Se bonds at the expense of Ni—CN coordination, as
well as improved local structural ordering and potential stabiliza-
tion of the Ni-Se environment.

2.2. Electrochemical Studies

The Ni-HCF/t-Se composite materials exhibit several character-
istics that strongly indicate their potential for excellent catalytic
activity toward the oxygen evolution reaction. X-ray diffraction
patterns confirmed the successful integration of selenium on the
Ni-HCF surface, forming a stable composite material. The preser-
vation of the Ni-HCF phase alongside the formation of trigonal
selenium suggests that the material maintains a robust frame-
work while incorporating active sites known for enhancing cat-
alytic processes. Morphological analysis revealed a transforma-
tion from cubic to spherical structures upon selenization, a fea-
ture often associated with an increase in surface area and active
site availability. Moreover, the uniform distribution of selenium,
nickel, and iron, confirmed by elemental mapping, further sup-
ports the creation of a homogenous catalytic surface, which is
critical for consistent and efficient catalysis.

Given these features, Ni-HCF/t-Se composites are expected to
demonstrate superior catalytic performance in the OER. Pristine
and selenized Ni-HCF samples were investigated using a three-
electrode cell configuration and 1 m KOH as the electrolyte solu-
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tion. Linear sweep voltammetry (LSV) has been performed to in-
vestigate the performances of each compound toward OER were
performed. Figure 6a shows the LSV curves for bare Ni-foam and
-4|Ni-HCF samples featuring an onset potential of 1.72, 1.70,
1.68, 1.68, 1.49, and 1.65 V versus RHE, respectively. The sec-
ond most selenized sample (}|Ni-HCF) features the lowest onset
potential and excellent OER activity.

Additional information is provided by the calculated overpo-
tential values measured at 10 mA cm~2, which refers to the op-
erating current density of solar fuel cells. At this current density,
the overpotential for bare Ni-foam and °#|Ni-HCF are 690, 470,
450, 370, 180, and 330 mV, respectively (Figure S8, Supporting
Information). The increased overpotential observed in the more
selenized material can be attributed to its higher residual Ni-HCF
content, as indicated by Rietveld analysis (Table 1). Specifically,
the most selenized sample retains 14.4% Ni-HCF, whereas the
second most selenized sample contains only 6.7%. Since Ni-HCF
is generally less catalytically active than its selenized counter-
parts, a higher residual fraction of this phase likely contributes to
a higher resistance to charge transfer and lower active site avail-
ability, thereby leading to a higher overpotential.

To provide a comprehensive overview of recent advances in
OER applications, a list of nanomaterials similar to or resembling
the nanostructures investigated in this work, along with their fea-
tures and performances, is reported in Table 1.

The pure material exhibits an overpotential value (470 mV)
that is higher than that of ![Ni-HCF (450 mV) and 2|Ni-HCF
(370 mV), thus suggesting that increasing the t-Se provides bet-
ter performances in the OER. Noteworthy, the overpotential value
achieved by 3|Ni-HCF is significantly lower (only 180 mV) than
that of #|Ni-HCF (330 mV) and of other PBA-based and/or cubic-
shaped electrocatalysts and materials used for OER, thus repre-
senting a significant advancement in the field. The optimal per-
formance was observed with the second highest t-Se loading dur-
ing the synthetic process.

An in-depth investigation of the OER process and kinetics
could be further described from the linear regions of the Tafel
plotl®®] by considering the logarithm of the LSV curves (Figure
S7, Supporting Information) followed by the fitting with the Tafel
equation:

n:blog(j)+a (1)

where a is related to the exchange current density j, and b rep-
resents the Tafel slope.>®! Upon fitting the linear portions of the
Tafel plots, the related slopes were extrapolated, which are shown
in Figure 6b and reported in Table 1.

The Tafel slopes of the *#|Ni-HCF material decrease with
the increasing integration of t-Se to reach a minimum for 3|Ni-
HCEF and then increase again for the most selenized compound
4|Ni-HCF: 153.0, 113.7, 98.5, 79.7, 59.9, and 72.5 mV dec™. In-
deed, *|Ni-HCF exhibited the lowest value among all the best-
performing catalysts (Table 1), also overcoming the performance
of the state-of-the-art catalyst RuO,.[’] It is clear from LSV curves
and Tafel slopes that an optimal level of t-Se integration is essen-
tial to enhance the catalytic activity of Ni-HCFs in the evolution
of oxygen. We also would like to emphasize that *|Ni-HCF, which
features the second highest degree of selenization, is the opti-
mum catalyst exhibiting low overpotential and low Tafel slope,
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Figure 6. a) Linear sweep voltammetry curves for bare Ni-foam and %#|Ni-HCF in 1 M KOH aqueous solution showing only the reverse bias (reduction)
ata scan rate of 5 mV s~ b) Tafel slopes extrapolated fitting the linear portion of the Tafel plots corresponding to the starting point of the OER per each
catalyst (see Figure S7, Supporting Information). c) Nyquist plots obtained from EIS measurements of #|Ni-HCF catalysts showing the resistance to

charge transfer.

as compared to other compounds reported in the literature with
similar characteristics that possess one of the two features, but
not both. Therefore, taking into account the current delivery, the
overpotential, and the Tafel slope, 3|Ni-HCF can be regarded as a
highly performing electrocatalyst for OER, where the character-
istics of PBA materials and t-Se were successfully integrated.

To gain more insight into the catalytic performance of the syn-
thesized material and the other control samples, electrochemical
impedance spectroscopy (EIS) was employed to investigate inter-
facial charge transfer processes, and the results are summarized
in Figure 6¢ and Figure S9 (Supporting Information). In general,
a smaller radius observed in EIS Nyquist plots suggests a smaller
charge transfer resistance. It is evident from Figure 6c¢ that the
catalysts with a higher t-Se content (3|[NiHCF and *|NiHCF) ex-
hibit a reduced arc radius, indicating lower resistance to charge
transfer.

Indeed, the fitting of the experimental data resulted in a Ran-
dles circuit, as presented in Scheme S1 (Supporting Informa-
tion), consisting of two resistors and a constant phase element
(CPE) with their calculated values provided in Table S7 (Support-
ing Information). The experimental setup remains unchanged,

but it is known that variations in the sample lead to differences in
the electrode/electrolyte interface interactions. Despite this, the
properties of the electrolyte (1 M KOH, ~1.21 Q) do not signifi-
cantly influence the observed results, indicating that the changes
are primarily attributed to the material under investigation rather
than the electrolyte itself. However, there is a remarkable dis-
parity in resistance toward charge transfer. Upon increasing the
selenization rate, the samples demonstrate a decrease in charge
transfer resistance, up to ~60% for the *|Ni-HCF compound. This
observation indicates that, upon increasing trigonal selenium in-
tegration, Ni-HCF nanocubes exhibit higher conductivity, faster
charge transfer, and, consequently, enhanced current delivery.
Another parameter that needs to be considered is the stability
of the catalyst. As a matter of fact, the stability of OER catalysts is
widely acknowledged as a significant obstacle in achieving scal-
able water-splitting technology. Therefore, as further evidence of
the applicability of the best-performing material, chronopoten-
tiometry at various current densities (10, 20, and 50 mA cm™?)
was carried out for a total of 45 h (15 h at each current density).
As shown in Figure 7a, 3|NiHCF demonstrated very good stability
with minimal degradation observed over long-term testing. It re-

Table 1. Comparison of the OER performances for PBA-based, Ni-based, and cubic-like electrocatalysts presented in this work and in the literature.

Material Electrolyte Calculated onset [V] Overpotential @10 mA Tafel slope Refs.
cm=2 [mV] [mV dec™]
3|Ni-HCF 1m KOH 1.49 180 59.9 This work
Porous Ni-Fe-Pt NCs? 1m KOH 1.57 363 87.0 [50]
NiO/Ni-foam NPsP 1m KOH 1.65 404 97.0 [51]
Fe-NiCoP/PBA HNCs®) 1M KOH 1.55 320 91.0 [52]
Ni-Fe-Se PBA cubes 1m KOH 1.46 240 59.0 [53]
Ni; V204 NCs9 1™ KOH 1.62 398 164.0 [54]
(Ni,Co)Se, NCs® 1M KOH 1.48 278 65.0 [55]
Ni/FeMn@CoNi-Se nanocages 1wm KOH 1.46 184 43.4 [56]
RuO, 1m KOH 1.57 327 105.0 [57]

. ) . . .
% NCs refer to a cubic nanostructure; ) NPs refers to generic nanoparticles; 9 HNCs to hollow cubic nanostructures.
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Figure 7. a) Chronopotentiometric run of 3|Ni-HCF for the long-term stability test at 10, 20, and 50 mA cm~2. b) Linear sweep voltammetry curves
for 3|Ni-HCF in 1 M KOH aqueous solution before and after 45 h stability test, showing only the reverse bias (reduction) at scan rate of 5 mV s~'. ¢)
XRD patterns of 3|Ni-HCF before and after 45-h stability test, and reference patterns for K,NiFe(CN), (PDF#32-0801), nickel (PDF#04-0850) and t-Se
(PDF#06-0362). d) SEM micrograph of 3|Ni-HCF compound after 45 h stability test.

tains 99.5%, 97.0%, and 95.8% activity at 10, 20 and 50 mA cm ™2,
respectively.

Additionally, the polarization curves, recorded after the 45-h
stability test and displayed in Figure 7b, show that the perfor-
mance of 3|Ni-HCF after 45 h closely resembles that of the initial
3|Ni-HCF. This observation highlights the exceptional stability of
3|Ni-HCF in Ni-foam for the oxygen evolution reaction. However,
a redox process was observed at ~+1.35 V. Therefore, we em-
ployed cyclic voltammetry (CV) to investigate this aspect in detail
to understand its origin. Three systems were considered: bare Ni
foam, Ni foam with the 3|Ni-HCF (before and after the 45-h sta-
bility test), and Ni foam in the presence of 5 mm Ni(NOj;), in
solution, as an internal reference for the redox process involving
Ni?*/Ni**. The results, shown in Figure S10 (Supporting Infor-
mation), revealed some interesting features. In fact, by compar-
ing the redox behavior of Ni-foam and Ni-foam modified with
3|Ni-HCF, one can observe the catalytic effect of the latter one
on the electron transfer process, provided by the increased cur-
rent at the same potential (+1.40 V vs RHE when considering
the positive bias). When considering Ni(NO,),, it is evident that
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the process for the redox couple Ni?*/Ni** redox couple, which
occurs at +1.46 V versus RHE on a Ni-foam suffers of slow elec-
tron transfer kinetics, witnessed by the value AE,, ,, calculated as
the difference between the peak potential E,and the halfway po-
tential, which is 69 mV. Instead, when considering the Ni-foam
modified with *|Ni-HCF, one can notice that two signals, which
are involuted at the main peak-like shoulders, appear both in the
positive and negative bias of the CV. These can be ascribed to
the endogenous Ni**/Ni** redox couple present in the catalyst.
These findings confirm that the increased signal intensity ob-
served after prolonged electrochemical cycling is not associated
with exogenous species but is, instead, directly linked to the pri-
mary electroactive components of the material, as also evidenced
by XANES analyses. This result further supports the stability of
the material, as no additional species interfere with its electro-
chemical behavior over extended operation.

To investigate the changes occurring on the electrode sur-
face under sustained anodic potentials, post-OER analyses were
conducted. Initially, XRD was employed to characterize these
changes. The presence of the substrate was detected by the
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appearance of three peaks typical of Ni-foam at 44.6°, 51.9°, and
76.4°, corresponding to the diffraction of the planes (111), (200),
and (2 2 0), respectively. Moreover, the XRD analysis, detailed in
Figure 7c, revealed the formation of K,NiFe(CN), during the OER
process. Notably, the XRD pattern displayed new peaks at 24.9°,
35.5°,41.4°, and 43.7°, which correspond to diffraction from the
(250), (351), (181), and (0 0 2) planes of K,NiFe(CN),. The
emergence of this phase is significant, as it indicates the presence
of an active catalytic material that facilitates electron transfer at
the electrode interface during OER. In addition to the observed
changes in the crystal phase, itis crucial to highlight that the char-
acteristic peaks associated with the initial trigonal selenium are
still present. This persistence indicates that the original phase
has remained stable throughout the electrochemical process, de-
spite the appearance of very weak signals from a new phase.
The phase transformation observed during the OER process, as
indicated by the alterations in both crystalline and morpholog-
ical properties, underlines the dynamic evolution of the mate-
rial from its initial form as a pre-catalyst to its true active phase.
This transition is critical, as the structural and compositional
changes that occur under electrochemical conditions are funda-
mental to the catalytic performance of the material. According to
the literature, such transformations are not uncommon in elec-
trocatalysts, particularly under prolonged operation.[® For in-
stance, studies have shown that materials initially designed with
a certain crystalline structure can undergo surface reconstruction
or amorphization, leading to the formation of new, more active
phases that significantly enhance catalytic efficiency.®!l In the
case of OER catalysts, these new phases often involve the forma-
tion of metal oxides or hydroxides, which are generally more ac-
tive in oxygen evolution reactions. The original crystalline struc-
ture, while important for the initial synthesis and performance,
may not represent the actual active catalyst over prolonged use.
Therefore, it is crucial for stability assessments to consider the
newly formed phase, as it plays a key role in governing the long-
term catalytic behavior. Furthermore, the observed morphologi-
cal changes, such as the development of porosity (Figure 7d), are
indicative of electrochemically induced restructuring, which can
enhance the surface area and active sites available for the reac-
tion. This restructuring is likely driven by the leaching of surface
elements, such as selenium in this case, and the subsequent for-
mation of surface oxides, as corroborated by EDX analysis where
the intensity of the O signal increased significantly (Table S8,
Supporting Information). Such processes are well-documented
in the literature, where the creation of porous structures through
selective leaching has been shown to improve mass transport and
increase catalytic activity.¢! Therefore, the stability of the cata-
lyst should not be evaluated based on its original crystalline and
morphological features but rather based on the characteristics of
the newly formed active phase. This approach provides a more
accurate reflection of the catalyst’s performance and durability
under actual operating conditions.

3. Conclusion

The development of catalysts, whose properties can be modu-
lated and controlled, is of paramount importance for technologi-
cal advancement. In this work, we proposed a new synthetic strat-
egy for designing and exploiting nanomaterials, based on earth-
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abundant elements, to improve catalytic efficiency toward a key
reaction such as OER. We report for the first time the synthesis
of composite nanocubic structures based on PBA Ni-HCFs in-
tegrating ¢-Se, whose morphology experiences a cube-to-sphere
transition while the t-Se content increases. Despite the recog-
nized role played by PBA and t-Se, there are no reports to date
concerning the synthesis of cubic-shaped structures integrating
t-Se, which represents a gap in the field. Our findings show that
the successful integration of the properties of these materials
can ultimately lead to the development of a novel nanostructured
composite that offers unprecedented performances as an elec-
trocatalyst toward the evolution of oxygen. Remarkably, among
all the best-performing catalysts reported in Table 1, the com-
pound with the second highest content of t-Se, 3|Ni-HCF, demon-
strates exceptional electrocatalytic activity toward the oxygen evo-
lution reaction in alkaline media exhibiting outstanding perfor-
mance, as witnessed by an overpotential as low as 180 mV at a
current density of 10 mA cm™ and a Tafel slope of just 59.9 mV
dec™! overcoming the performance of the state-of-the-art catalyst
RuO, (105 mV dec™!). Therefore, we want to emphasize that with
the compound 3|Ni-HCF an optimal balance between low over-
potential and low Tafel slope was achieved. This is unlike other
compounds with comparable features reported in the literature
that may have one of these characteristics, but not both. Further-
more, electrochemical impedance spectroscopy affirmed the cor-
relation between higher levels of selenization and reduced charge
transfer resistance, thereby enhancing current delivery. As a mat-
ter of fact, the integration of t-Se significantly influences the elec-
tronic structure of the Ni-HCF matrix, ultimately optimizing the
surface to favor both the kinetic and energetic requirements dur-
ing the oxygen evolution reaction. Moreover, the second most
selenized compound demonstrated remarkable long-term sta-
bility, exhibiting consistent performance behavior throughout
the duration of the study, even after 45 h. The enhanced OER
activity and durability of the t-Se, 3|Ni-HCF nanocubic are at-
tributed to synergistic interactions between the Ni-HCF frame-
work and the NiSe phase formed during selenization, which col-
lectively modulate the surface and electronic structure. We be-
lieve that the described methodology might pave the way to an
easy and scalable strategy for engineering novel and advanced
composite materials, offering promising prospects for future ap-
plications in oxygen evolution and broader energy conversion
technologies.

4. Experimental Section

Details concerning chemicals and characterizations of the synthesized
materials are provided in the Supporting Information.

Synthesis of Ni-HCF/t-Se Nanocubes: Ni-HCF nanocubes were pre-
pared by a co-precipitation method, as described in the previous work.[3°]
Then the nanocubes underwent the selenization process using sodium hy-
droselenide (NaHSe), a mild reducing agent that was previously synthe-
sized by reducing selenium with sodium borohydride (NaBH,) and then
added dropwise to a Ni-HCF nanocubes aqueous solution. The NaHSe
solution was obtained by dissolving 0.237 g (3 mmol) of selenium powder
and 0.227 g (6 mmol) of NaBH, in 50 mL of deionized water according to
the reaction in Equation (2):

4NaBH,+2Se + 7H,0 — 2NaHSe + Na, B, O,+14H, (1) @
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After the addition of the NaHSe solution, the reaction process was kept
at 100 °C for 3 h. Three different amounts of Ni-HCF sample (50, 100, 200,
and 300 mg, respectively) were dissolved in 100 mL of deionized water
while stirring, thus leading to three different black precipitates. Eventually,
they were centrifuged, rinsed with deionized water, and dried in an oven
at 65 °C overnight.

The synthesized samples were referred to as: *|Ni-HCF, where x = 0
(pure sample), 1 (weak selenization), 2 (medium selenization), 3 (strong
selenization), and 4 (harsh selenization). For instance, sample #|Ni-HCF
was the sample that underwent the harshest selenization process.

Electrochemistry:  All electrochemical measurements were carried out
by means of an SP-300 bipotentiostat (Biologic), equipped with the EIS
module, as the electrochemical workstation. Linear sweep voltammetry
(LSV), cyclic voltammetry (CV), and chronoamperometry (CA) were per-
formed in a 1.0 m KOH electrolyte. Feedback correction was employed
to minimize the ohmic drop between the working and the reference elec-
trodes with 90% iR compensation unless otherwise stated. LSV curves for
%-4|Ni-HCF at the scan rate of 5 mV s~', while for CV the scan rate was
varied in the range of 10-200 mV s™.

Electrochemical impedance spectroscopy (EIS) was used to investigate
the interfacial charge transfer process in a three-electrode electrochemical
cell at room temperature. The analysis was carried out over the frequency
range 100 kHz—100 mHz at an applied potential of 0.70 V with an AC am-
plitude of 10 mV. Further details on the electrochemical characterization
are provided in the Supporting Information.

Supporting Information

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