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Abstract: Water pollution and scarcity are serious concerns for the growing world population. To
meet the ever-pressing demand of fresh water, a variety of desalting techniques of seawater have
been developed. Due to its environmental friendliness, high efficiency, easy regeneration of the
electrodes, ambient operating pressure, and low operating potential suitable for the use in remote
areas, the capacitive deionization (CDI) method is one of the most sustainable among them. This
work focuses on the preparation of high-entropy oxides (HEOs) and carbon/HEO composites and
the evaluation of their specific capacitance in view of their possible use as CDI electrode materials.
CrMnFeCoNi-HEO, having spinel structure (sHEO), is obtained in the form of nanoparticles (NPs)
and nanofibers (NFs) by the sol-gel method and electrospinning, respectively. Composite NFs with
embedded sHEO NPs or MgCoNiCuZn-HEO NPs with rock-salt structure (rHEO) are also
produced. In the 5-100 mV s scan rate range, the specific capacitance improves in the order
C/rHEO NFs (8-32 F g!) = sHEO NPs (9-32 Fg™') < sHEO NFs (8-43 F g') < C/sHEO NFs (12-66 F
g7"). The highest capacitance is obtained when the beneficial contributions of the carbon matrix and
smaller-sized HEO NPs are synergistically coupled.

Keywords: high-entropy oxides; carbon/high-entropy oxide composites; capacitive deionization

1. Introduction

The availability of freshwater resources for the survival of humanity on the planet
has become a critical global issue with the increase of world population and rapid
industrial development, as well as the increasingly serious water pollution and climate
changes. At present, nearly 750 million people worldwide have limited access to clean
drinking water, and this number of people is forecasted to rise in the upcoming years. The
United Nations World Water Development report (2021) stated that the world would
tackle a 40% shortage of freshwater resources by 2030 unless the water resource
management is improved [1]. In this scenario, considering that seawater represents
approximately 97% of the total available water resources on the Earth, the desalination
process becomes one of the most promising ways for many societies to secure fresh water
and to face global water scarcity [2]. Presently, reverse osmosis (RO) is the most widely
adopted water desalination technique, with the largest capacity installed and operating
in the world [3]. However, since it operates under high pressures (50-70 bar), generates
large amounts of brine containing chemicals, and greatly consumes electricity, it has a

Appl. Sci. 2023, 13, 721. https://doi.org/10.3390/app13020721

www.mdpi.com/journal/applsci



Appl. Sci. 2023, 13, 721

2 of 13

significant impact on the environment and is not suitable for use in remote areas [3].
Several potential alternative desalination techniques have been developed to address
these issues. An in-depth discussion on the benefits they offer over conventional RO and
the challenges faced by these emerging techniques to become competitive with it can be
found in ref. 3. Among them, capacitive deionization (CDI) appears to be one of the most
appealing because of the easy regeneration of the electrodes, operation under ambient
temperatures, ambient pressures, and low voltage (0.8-2.0 V), and suitability for remote
areas [4-6].

CDlI is based on a complementary approach with respect to RO: it removes salt from
water rather than water from salt [3]. Salt ions are electro-adsorbed inside porous
electrodes under the action of the small applied voltage, which generates an electrical
double-layer (EDL) on their surface [7,8]. The electrodes are easily regenerated by
reversing, reducing, or short-circuiting the voltage of the cell [9]. Moreover, during the
discharge, up to 83% of energy stored in the EDL can be recovered [3] and reused, with a
reduction of the energy consumption of the process [5,6]. However, at the current stage of
development, CDI is competitive with respect to RO only in the treatment of brackish
water (salinity < 10 g L), with an electrical energy consumption below 1 versus 3-4 kWh
m-3 potable water [10,11]. Conversely, in the desalination of seawater having a higher
salinity (37 g L), CDI is not yet a mature technology for commercialization, as its energy
consumption is by far higher than RO [3,11,12]. For a comparison based on a theoretical
study between the energetic performance of CDI and RO as a function of feed salinity,
water recovery, salt rejection, and average water flux, see ref. 11. Another relevant aspect
is the economic feasibility of CDI. It depends critically on the reduction of material costs
through the increase in their life [12]. Possessing suitable properties for electro-sorption
[13-16], porous carbons (such as activated carbons [17], graphene [18], carbon aerogels
[19], carbon nanotubes [20], carbon nanofibers [21], and combinations of them [22,23]) are
to date the most used electrode materials. Nevertheless, modifying or replacing them
could be the key to improving CDI performance [3]. In fact, there are many studies in
which their surface is functionalized to increase their wettability and provide additional
adsorption sites [24]. Moreover, the addition of metal sulfide or oxides is another strategy
to enhance the desalination performance of these carbon-based CDI electrodes by a charge
transfer mechanism [3,9,25]. However, in spite of their good CDI performance, carbon-
based materials often suffer from some shortcomings, such as co-ion expulsion effect, poor
wettability, oxidation of the anode, and limited salt adsorption capacity, which heavily
impact on the desalination capacity and stability of electrodes, as well as complexity and
high cost of the fabrication process [26]. Therefore, the development of new highly
performing advanced materials is crucial for the commercial application of the CDI
technology.

Recently, high-entropy oxides (HEOs), a new type of oxides that combine five or
more metals in an equiatomic or nearly equiatomic ratio, have attracted great interest due
to their unique structure and their novel, and often unexpected, functional properties.
They are based on the concept of high configurational entropy (1.5 R, where R is the
universal gas constant) that stabilizes their structure into a single-crystal phase. HEOs
exhibit extraordinary stability and electrochemical behavior which distinguish them from
ordinary low-entropy metal oxides [27,28]. HEOs have been extensively evaluated as
materials for environmental and energy applications, particularly in the fields of catalysis
and energy conversion and storage [29,30].

This work reports the preparation of HEO and carbon/HEO composites and their
characterization, focusing, for the first time, on the evaluation of their specific capacitance
to explore the possibility of using them as CDI electrode materials since, generally,
materials possessing superior capacitive performance exhibit better electro-sorption
properties [18,22]. Spinel-structured CrMnFeCoNi-HEO NPs and NFs are investigated to
clarify the effect of the HEO size and morphology. To study the influence of the oxide
phase and the HEO-hosting C matrix, C/CrMnFeCoNi-HEO and C/MgCoNiCuZn-HEO
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composite NFs are also investigated. The electrode materials are prepared following two
synthesis pathways (sol-gel or electrospinning, followed by heating treatment), which
have already been proven to allow the formation of single-phase HEOs at temperatures
that limit both the effects of sintering on the size of the HEO NPs and the environmental
impact of the production process [29,31] with respect to the solid-state reaction most
frequently utilised to prepare the HEOs [32-35].

2. Experimental
2.1. Materials and Synthesis Routes

Chromium (III) acetate hydroxide, Crs(OH)2(CH3COO)7 (purity: 98%; CAS No. 39430-
51-8, Sigma Aldrich, St. Louis, MO, USA), manganese(Il) acetate tetrahydrate,
Mn(CHsCOO)24H:0 (purity: 99%; CAS No. 6156-78-1, Sigma Aldrich), iron (II) acetate,
Fe(CHsCOO): (purity 95%; CAS No. 3094-87-9 Sigma Aldrich), cobalt (II) acetate
tetrahydrate, Co(CH3COQ)2-4H20 (purity: 99%; CAS No. 6147-53-1, Sigma Aldrich), and
nickel (II) acetate tetrahydrate, Ni(CHsCOO)24H2O (purity: 98%; CAS No. 6018-89-9,
Sigma Aldrich) are utilized as precursors for the preparation of CrMnFeCoNi-HEO
(sHEO) in the form of nanoparticles (NPs) and nanofibers (NFs).

sHEO NPs are produced by classical sol-gel method (SG), as already described in
detail [31]. Citric acid monohydrate, HOC(COOH)(CH2COOH)>"H20 (purity: 98%; CAS
No. 5949-29-1, Sigma Aldrich) is used as a complexing agent. Stoichiometric amounts of
Cr, Mn, Fe, Co, and Ni are dissolved in water (30 g), one at a time; then, citric acid (3.5 g)
is added under continuous stirring for 1 h at 90 °C. After drying at 80 °C overnight, the
as-formed gel is calcined in static air at 350 °C for 2 h, 500 °C for 2 h, 800 °C for 2 h, and
900 °C for 2 h.

sHEO NFs are produced by electrospinning (ES), following the procedure illustrated
in detail elsewhere [31]. Polyacrylonitrile (PAN), (CsHsN)n (average molecular weight:
150,000 g mol’; purity: 99.9%; CAS No. 25014-41-9, Sigma Aldrich), and N,N-
dimethylformamide (DMF), HCON(CHs):2 (anhydrous: 99.8%; CAS No. 68-12-2, Sigma
Aldrich) are used for the preparation of the polymer/solvent solution. After complete
dissolution of 7.1 wt% PAN in DMF, the five metallic salts, containing stoichiometric
amounts of Cr, Mn, Fe, Co, and Ni, are added, one at a time, to the solution under
continuous stirring. The total amount of metals is 38.5 wt% relative to PAN. After loading
into a 20 mL syringe equipped with a 40 mm long 0.8 mm gauge stainless steel needle, the
homogeneous solution, fed at 23.5 pL min™! rate, is electrospun by using a CH-01 Electro-
spinner 2.0 (Linari Engineering s.r.l.). ES is carried out at 25 + 1 °C and 40-45% relative air
humidity under a DC voltage of 15 kV applied between needle and the 15 cm distant
grounded collector. After drying overnight and peeling from the collector, the as-spun
membrane is calcined at 700 °C for 2 h and 900 °C for 2 h in static air.

C/sHEO composite NFs are obtained from the same spinnable solution and ES
conditions as sHEO NFs by a different thermal treatment, namely stabilization in air at
225 °C for 2 h [36] and subsequent carbonization in inert atmosphere at 700 °C for 2 h and
900 °C for 2 h.

Magnesium (II) acetate tetrahydrate, Mg(CHsCOO)2-4H2O (purity: 98%; CAS No.
16674-78-5, Sigma Aldrich), cobalt (II) acetate tetrahydrate, Co(CH3COO)2-4H:O (purity:
99%; CAS No. 6147-53-1, Sigma Aldrich), nickel (II) acetate tetrahydrate,
Ni(CHsCOO)2-4H:0 (purity: 98%; CAS No. 6018-89-9, Sigma Aldrich), copper (II) acetate,
Cu(CHsCOO):, (purity: 98%; CAS No. 142-71-2, Sigma Aldrich), and zinc (II) acetate
dihydrate, Zn(CHsCOO)22H20 (purity: 98%; CAS No. 5970-45-6, Fischer Scientific,
Hampton, NH, USA) are utilized as precursors for the preparation of C/MgCoNiCuZn-
HEO composite NFs by following the same procedure as for C/CrMnFeCoNi-HEO NFs.

It is worthwhile to note that both preparation methods selected here (SG and ES) to
obtain HEOs from the precursors require very short heating treatments (only 4 h vs. 12—
24 h [32-35]) and lower temperatures (900 °C vs. 1000-1300 °C [32-35]) compared with
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the solid-state reaction most frequently utilized to prepare the HEOs [32-35]. In addition,
the latter technique is not suitable for the synthesis of C/HEO composites.

2.2. Structural and Morphological Characterization

The physicochemical properties of HEO-based CDI electrode materials are investi-
gated by scanning electron microscopy (SEM), transmission electron microscopy (TEM),
x-ray diffraction (XRD), and micro-Raman spectroscopy (MRS). Their texture and mor-
phology are studied using a Phenom Pro-X scanning electron microscope. The microscope
is equipped with an energy-dispersive X-ray (EDX) spectrometer that allows for elemental
quantification. TEM images are recorded with a FEI Talos F200S scanning/transmission
electron microscope, operated at 200 kV. The oxide phase(s) formed is investigated by a
Bruker D2 Phaser diffractometer, equipped with a Ni-filtered Cu-Ka« radiation source. The
diffraction peaks are identified from the JCPDS database of reference compounds. The
crystallinity of the HEO is investigated by a NTMDT NTEGRA Spectra SPM spectrometer,
equipped with MS3504i 350 mm monochromator and ANDOR Idus CCD. Raman scatter-
ing excited by a solid-state laser, operating at 532 nm and attenuated through a neutral
filter in order to have a power of ~250 uW on the sample surface, is measured in reflection
mode, using a 100x objective (Mitutoyo, NA = 0.70) to collect the scattered light from the
sample surface. An optical grating (600 lines/mm) disperses the acquired signal, finally
detected by the cooled CCD.

2.3. Electrochemical Characterization
2.3.1. Preparation of HEO-Based Working Electrodes

The working electrodes are prepared by using the as-produced sHEO NPs, sHEO
NFs, C/sHEO NFs, and C/rHEO NFs as active materials. The active material is mixed
(mass ratio 9:1) with polyvinyl alcohol (PVA, (C2H:O)x, Tecnalia, Bizkaia, Spain) and dis-
solved in ethanol, (C2HsOH). The resulting mixture is ultrasonicated for at least 8 h until
a homogeneous slurry is obtained. A graphite sheet (Mersen Ibérica) acts as current col-
lector and as support to deposit the slurry. After drying in an oven at 60 °C to remove the
organic solvents, a plane electrode is obtained. Electrodes of 2 cm? area are used for elec-
trochemical tests.

2.3.2. Electrochemical Capacitive Measurements

The formation of the EDL and electrochemical capacitive performance are evaluated
by cyclic voltammetry (CV) technique. An AUTOLAB PG-STAT128N potentiostat is used
to carry out CV measurements at room temperature. Measurements are performed in 0.1
mol L' NaCl solution using a conventional three-electrode configuration. The HEO-based
electrode, a graphite sheet, and a standard Ag/AgCl electrode act as working electrode,
counter electrode, and reference electrode, respectively. Current-voltage curves are rec-
orded with sweep rates from 5 to 100 mVs™ in the potential range from -1 to 0.2 V. The
specific capacitance C (F g!) of the electrode is calculated from the CV curves as:

C- 1 fEZIdV .
T mv 0 V @

where m (g) is the dry mass of the materials in the electrode, v (V s7) is the potential scan
rate, I (A) is the response current, V (V) is the potential, and Ei—E2 (V) indicates the poten-
tial window explored.



Appl. Sci. 2023, 13, 721

5 of 13

3. Results and Discussion
3.1. Morphology and Elemental Composition
3.1.1. Pure-HEO NPs and NFs

Figure 1 shows the main results of the SEM and TEM analyses. CrMnFeCoNi-HEO
prepared by SG consists of aggregates of NPs (Figure 1a); TEM analysis reveals that NPs
exhibit rounded/polyhedral shapes (Figure 1j) and sizes distributed in the range of 70-500
nm, with an average value of 240 nm (Figure 11). The electrospun CrMnFeCoNi-HEO NFs
are featured by a porous architecture (Figure 1b), as frequently observed for electrospun
low-entropy oxides (LEOs) [37,38], as well as for HEO NFs with different composition
[29,31]. The distribution of the NF diameters (Figure 1e) is centred at 0.66 pm. TEM anal-
ysis shows that the NFs are built up by interconnected NPs with similar shapes as those
obtained by SG method (Figure 1k). The sizes of the NPs forming the fibres vary between
30 and 400 nm, i.e., in a narrower range with respect to those prepared by the SG method
(Figure 11); in addition, the average NP size is smaller (200 vs. 240 nm). The results of the
compositional analysis by SEM/EDX (Figure 1f,g) confirm the removal of all organic com-
ponents during calcination and prove the formation of oxide NPs and NFs based on the
nearly equimolar combination of Cr, Mn, Fe, Co, and Ni.

Figure 1. Main results of the morphological and compositional analyses. (a-d) Representative SEM
images of (a) sHEO NPs, (b) sHEO NFs, (¢) C/sHEO composite NFs, and (d) C/rHEO composite
NFs. (e) Diameter distribution of electrospun NFs. (f-i) Elemental composition of (f) sHEO NPs, (g)
sHEO NFs, (h) C/sHEO NFs, and (i) C/rHEO NFs. (j, k) TEM images of (j) sHEO NPs and (k) sHEO
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NFs. (1) Size and size range of HEO NPs in the samples. The left arrow is located in correspondance
of the grey bar and indicates that the y-axis for bars is on the left (particle size range); the right arrow
is located in correspondance of the blue symbol and indicates that the y-axis for coloured symbols
is on the right (average particles size).

3.1.2. C/HEO Composite NFs

C/CrMnFeCoNi-HEO composite NFs consist of carbon NFs with embedded oxide
NPs (Figure 1c). The diameters of these NFs are distributed over a slightly wider range
compared with those of CrMnFeCoNi-HEO NFs (Figure 1e); in addition, on average, com-
posite NFs are thicker than pure HEO NFs (0.79 vs. 0.66 um). As previously shown, both
in the case of common LEOs [39,40] and HEOs with different composition [31], the host C
matrix limits the development of the oxide grains and prevents their agglomeration. As a
result, the CrMnFeCoNi-HEO NPs incorporated in the C NFs have sizes distributed in a
narrower range (40-180 nm) and, on average, are smaller compared with those forming
pure HEO NFs (110 vs. 200 nm). The results of the compositional analysis by SEM/EDX
(Figure 1h) provide evidence that the C-embedded HEO NPs contain a nearly equimolar
combination of Cr, Mn, Fe, Co, and Ni.

In the C/MgCoNiCuZn-HEO NFs (Figure 1d), the HEO partly protrudes out of the C
NFs, as previously observed in the case of C/Ge/GeO: electrospun NFs [40]. This is likely
the effect of the outward diffusion of the five metals occurring during the carbonization
at 700 and 900 °C [40]. Out of the fiber body, the MgCoNiCuZn clusters coalesce, giving
rise to particles with a broad size distribution (120-470 nm) and, on average, larger size
(250 nm) compared with C-embedded CrMnFeCoNi-HEO NPs. C/MgCoNiCuZn-HEO
NFs have diameters distributed over a wider range with respect to both C/CrMnFeCoNi-
HEO NFs (Figure 1e) and MgCoNiCuZn-HEO NFs, the subject of a previous study [29].
Analogously, the diameter distribution is centered at a higher value (1.23 pm) compared
with both MgCoNiCuZn-HEO NFs (0.72 um [29]) and C/CrMnFeCoNi-HEO NFs (0.79

pum).

3.2. Phase of the Oxide

Figure 2 displays the results of the XRD analysis. In the diffractograms of CrMnFe-
CoNi-HEO NPs and NFs (Figure 2a), only the reflections from the (111), (220), (331), (222),
(400), (422), (511), (440), (620), (533), and (622) planes of the face-centered cubic (fcc) spinel
structure (JCPDS no. 22-1084) [41-43] are detected. This proves that
(Cro2Mno2Fe02C002Nio.2)30s exclusively forms. The mean sizes of the sHEO crystallites, cal-
culated through Scherrer’s equation from the strongest reflection, are 30.1 and 23.6 nm for
NPs and NFs, respectively.
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Figure 2. XRD patterns of (a) sHEO NPs, sHEO NFs, and C/sHEO composite NFs and (b) C/rHEO
composite NFs (the pattern of rHEO NFs is also reported for comparison purposes).

In the XRD pattern of C/CrMnFeCoNi-HEO NFs (Figure 2a), the peaks arising from
the reflections from the spinel lattice planes are much broader. This finding points to
smaller size and/or lower crystallinity of the C-embedded sHEO NPs. Moreover, two ex-
tra-peaks are clearly visible (at 44.3° and 51.6°), which hints at the metal segregation in a
secondary phase.

In the diffractogram of C/MgCoNiCuZn-HEO NFs (Figure 2b), the sharpness of the
reflections from the (111), (200), (220), (311), and (222) crystallographic planes of the rock-
salt (Mgo2Co02Nio2Cu0.2Zno.2)O structure (JCPDS no. 47-1049) [44,45] is consistent with the
larger size of the rtHEO NPs incorporated in the C NFs. Extra-peaks are detected also in
C/rHEO NFs; the most intense of them are located at 20-angles very close to those of extra-
peaks observed in C/sHEO NFs. The preparations of C/sHEO and sHEO NFs (and analo-
gously of C/rfHEO and rHEO NFs [29]) differ from each other only for the heat treatment.
Since no secondary phase forms in either sHEO or rHEO NFs [29] (i.e., in the absence of
carbon), it is argued that some metals react with carbon (preserved by the polymer stabi-
lization) and form carbide during carbonization [46]. Indeed, the formation of metal car-
bides in electrospun composite NFs obtained from a spinnable solution containing PAN
and metal salts, as in this case, has been also reported by other groups [46-48]. The simi-
larity of the 20-angular positions of the extra-peaks detected in C/CrMnFeCoNi- and
C/MgCoNiCuZn-HEO NFs hints at the possible involvement of Co and/or Ni. However,
the clarification of this point is beyond the purposes of the present paper.

Figure 3 shows the micro-Raman spectra of all samples, as obtained by averaging on
several random positions in each specimen to obtain a reliable picture of the sample bulk.
The HEO-modes dominate the lower frequency region (below 1200 cm™) of all spectra;
the modes associated with the amorphous Csp? component of the composite NFs are de-
tected above 1200 cm™ [36,39,40]. The spinel and rock-salt structures belong to Fd-3m and
Fm-3m space groups, respectively. An in-depth discussion of the vibrational modes in
sHEO NPs/NFs and rHEO NFs can be found in refs. [29,31]. The narrower features in the
spectrum of sHEO NPs are consistent with the larger average size of the
(Cro2Mno2Feo02C002Nio2)304 crystallites. In C/(Mgo2Co02Nio2Cuo02Zno2)O NFs, the detection
of the one-phonon longitudinal optical at 540 cm™ proves the presence of structural disor-
der and lattice distortion [29,49,50].
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Figure 3. Micro-Raman spectra of the samples.

3.3. Electrochemical Analysis

Figure 4 shows the CV performances of the electrodes prepared by using sHEO NPs,
sHEO NFs, C/sHEO NFs, and C/rHEO NFs as active materials. The curves are recorded
in 0.1 mol L1 NaCl solution, with sweep rates from 5 to 100 mVs! in the potential range
from -1t0 0.2 V vs. Ag/AgCl. Atlower scan rates, they are featured by a quasi-rectangular
shape and exhibit no obvious redox peak. This suggests a purely capacitive behavior due
to the perfect EDL formation at the electrode-solution interface. With increasing scan rate,
the shape of the CV curves slightly deviates from rectangular and tends to become oval.
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Figure 4. (a—c) CV curves of (a) sHEO NPs, (b) sHEO NFs, (¢) C/sHEO composite NFs, and (d)
C/rHEO composite NFs and (e) corresponding specific capacitance as a function of potential scan
rate.

The specific capacitances, as calculated according to Equation (1) from the current—
voltage curves, are plotted in Figure 4e as functions of scan rate. For each electrode, the
value of C diminishes with increasing scan rate, as expected [22,39,51]. By working at low
scan speeds, the salt ions have sufficient time to diffuse into the internal pores of the elec-
trodes, which is crucial for the EDL to form. Conversely, when the scan rate increases, salt
ions do not have enough time to move and accumulate in the internal pores, and, as a
result, the accessible area becomes smaller, and the EDL formation remains incomplete.
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In the 5-100 mV s! scan rate range, the CDI performance, as monitored by the specific
capacitance, improves in the order C/rHEO NFs (8-32 F g') = sHEO NPs (9-32 Fg) <
sHEO NFs (8-43 F g-1) < C/sHEO NFs (12-66 F g1). The improvement is in the same order
as the average size of the HEO grains, namely C/rHEO NFs (250 nm) = sHEO NPs (240
nm) < sHEO NFs (200 nm) < C/sHEO NFs (110 nm). Of course, smaller-sized grains result
in larger exposed surface area available for the ion adsorption.

The best and the worst capacitive performances pertain to C/sHEO NFs and C/rHEO
NFs, respectively. A previous study on common LEO NFs and C/LEO composite NFs [39]
has evidenced the relevant role played by morphology of the composite NFs in determin-
ing their electrochemical behavior. In C/rHEO NFs, the larger-sized rHEO grains protrude
out of the fibrous C matrix (Figure 1d); this is reflected in a detrimental reduction of the
contact between the two active material components. On the contrary, in C/sHEO NFs,
the smaller-sized sHEO grains are in intimate contact with the host C NFs; this produces
a positive effect in terms of overall specific capacitance, which benefits also from the
smaller size of the sHEO grains.

Figure S1 compares the specific capacitance of the best performing C/sHEO NFs with
that which was previously measured in the C/LEO composite NFs [39]. At 5 mV s, in 0.1
M NaCl aqueous solution, C/(Cro2Mno.2Feo2Co02Nio.2)30s NFs exhibit specific capacitance
comparable to that of C/FesOs NFs obtained from a spinnable solution with a higher total
metal amount (57.7 vs. 38.5 wt% relative to PAN). This finding indicates that the use of
HEO:s in place of the common LEOs allows for the reduction of the total metal content in
the composites with consequent lowering of the material production costs, which repre-
sent the major cost component of the CDI processes [12]. At 100 mV s scan rate, the spe-
cific capacitance of C/(Cro2Mno2Fe02Co02Nio2)304 NFs exceeds that of C/MnOx NFs obtained
from a spinnable solution with the same total metal amount in the precursor solution,
proving that, for fixed metal load, the C/HEO NFs outperform the C/LEO NFs.

Very recently, Lal and Sundara [30] have reported on the electrochemical perfor-
mance in the electrosorptive water desalination of nano-sized spinel-structured AlCrFe-
CoNi-HEO NPs and their mixture with biowaste-derived activated carbon functionalized
with carboxylic acid (f-CSAC), obtained through a laborious multi-step preparation pro-
cess involving the carbonization of coconut shells at 800 °C, the subsequent KOH activa-
tion at 800 °C, followed by the functionalization in H2SO3:HNOs 3:1 acid mixture. The C
values reported in their work refer to a higher NaCl concentration than in the present case
(1 M vs. 0.1 M), which would hamper a direct comparison since lower salt concentrations
give rise to weaker EDLs which, in turn, results in lower capacitance [51]. Nonetheless,
for the sake of completeness, below, those data are compared with the results of the pre-
sent study. At 100 mV s, in 1 M NaCl aqueous solution, the mixture composed of AlCrFe-
CoNi-HEO NPs and {-CSAC in mass ratio 1:9 exhibits a specific capacitance of 147.5 F g,
which largely exceeds that of the present C/CrMnFeCoNi-HEO NFs (12.4 F g-!) in aqueous
solution, with salt concentration lower by a factor of 10. However, the main contribution
to the specific capacitance of AlICrFeCoNi-HEO/f-CSAC mixture is from its f-CSAC com-
ponent, which, alone, shows a capacitance of 157.5 F g1 [30]. Conversely, the major con-
tribution to the specific capacitance of C/CrMnFeCoNi-HEO composite NFs seems to be
due to the HEO component (Figure 4e). The specific capacitance of AICrFeCoNi-HEO NPs
(12.5 Fg™) also exceeds that measured here in both CrMnFeCoNi-HEO NPs and NFs (9.1
and 7.7 F g7, respectively). Neglecting the small difference in HEO composition, both the
higher molarity of the solution (1 against 0.1 M) and the very small size of AICrFeCoNi-
HEO NPs (<10 nm vs. 240 and 200 nm, respectively) are responsible for this finding.

In 1 mol L' NaCl solution, at 5 mV s, the C value measured in SnOz/aminated pol-
ystyrene co-functionalized graphene oxide nanocomposites (SnO2/PPAS-rGO) prepared
under optimized conditions is lower than that obtained in 0.1 mol L' NaCl solution, at
the same scan rate, in C/CrMnFeCoNi-HEO composite NFs prepared without optimiza-
tion (~42 against 65.7 F g) [51]. Finally, a lower specific capacitance (56 F g™') pertains also
to commercial activated carbon (AC) in 0.5 M NaCl solution, at 2 mV s [52].
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4. Conclusions

HEOs and carbon/HEO composites are prepared and physicochemically character-
ized. In order to explore the possibility of using them as active electrode materials for the
CDI of water, their capacitive behavior is evaluated in this preliminary study. To investi-
gate the effect of the material size and morphology, spinel-structured CrMnFeCoNi-HEO
NPs and NFs are prepared by the sol-gel method and electrospinning technique, respec-
tively. To study the influence of the HEO lattice structure and of a fibrous host carbon
matrix, electrospun composite NFs are further produced with embedded spinel-struc-
tured CrMnFeCoNi- and rock-salt-structured MgCoNiCuZn-HEO grains.

In the range scan rates investigated (5-100 mV s™), the specific capacitance improves
in the order C/(Mgo2Co02Nio2Cu02Zno2)O NFs = (Cro2Mno2Fe02C002Nio2)s0s NPs <
(Cro2Mno2Fe02C002Ni0.2)304 NFs < C/(Cro2Mno.2Feo2C00.2Nio2)sOs NFs. The comparative dis-
cussion of the results of the physicochemical and electrochemical analyses indicates that
the size of the HEO grains plays a relevant role. The smaller the grains, the larger the
surface available for the adsorption and the higher specific capacity. In pure HEOs, the
fibrous morphology favors the formation of smaller-sized HEO grains. The lattice struc-
ture of the HEO exerts an indirect influence, as it results in HEO grains with different sizes
and size ranges. The carbon matrix provides a positive contribution, which can be syner-
gistically enhanced by the incorporation of small-sized HEO grains.

The preliminary results presented in this work suggest that C/HEO composite NFs
possess great potential as low cost and eco-sustainable electrode material for CDI and
further open the way to explore different HEOs and their carbon composites for a novel
design concept of the CDI electrodes.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app13020721/s1, Figure S1: Specific capacitance of C/CrM-
nFeCoNi-HEO NFs compared with that of C/Fe-, C/Zn-, and C/Mn-LEO NFs.
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