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Abstract: The hydrothermal synthesis of a hierarchically organized nanocomposite based on nickel–
cobalt carbonate hydroxide hydrate of composition M(CO3)0.5(OH)·0.11H2O (where M is Ni2+ and
Co2+) and nickel–cobalt layered double hydroxides (NiCo-LDH) was studied. Using synchronous
thermal analysis (TGA/DSC), it was determined that the material retained thermal stability up to
200 ◦C. The crystal structure of the powder and the set of functional groups in its composition were
determined by X-ray diffraction analysis (XRD) and Fourier transform infrared spectroscopy (FTIR).
The resulting hierarchically organized nanopowder was employed as a functional ink component for
microplotter printing of an electrode film, which is an array of miniature planar structures with a
diameter of about 140 µm, on the surface of a nickel-plated steel substrate. Using scanning electron
microscopy (SEM), it was established that the main area of the electrode “pixels” represents a thin
film of individual nanorods with periodic inclusions of larger hierarchically organized spherical
formations. According to atomic force microscopy (AFM) data, the mean square roughness of the
material surface was 28 nm. The electrochemical properties of the printed composite film were
examined; in particular, the areal specific capacitance at different current densities was calculated,
and the electrochemical kinetics of the material was studied by impedance spectroscopy. It was found
that the electrode material under study exhibited relatively low Rs and Rct resistance, which indicates
active ion transfer at the electrode/electrolyte interface.

Keywords: carbonate hydroxide hydrate; layered double hydroxides; NiCo-LDH; nanocomposite;
hydrothermal synthesis; hierarchical structure; film; microplotter printing; supercapacitor

1. Introduction

The steadily growing global demand for electricity, as well as the annually aggravating
climatic problems, require the creation of alternative devices not only for generating “green”
electricity but also for its distribution and storage. A promising technology for solving the
challenges of energy storage and accumulation is the creation of commercially available
supercapacitors with high capacity, high speed, and long service life [1–4]. However,
despite the significant amount of research devoted to this topic, to date, there are very few
papers reporting on the development of such devices that have all of the above advantages
simultaneously [5,6]. The fulfillment of such an ambitious task requires the creation of
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new electrode materials with high electrocatalytic activity and conductivity, as well as a
developed specific surface area, in addition to improving the engineering and technological
approaches to design and assembly. In addition, it is noted that the electrode materials
should have a medium degree of crystallinity because well-crystallized structures have
no ability to expand or contract during supercapacitor operation, which prevents the
penetration of protons deep into the material and leads to diffusion difficulties, while
amorphous materials demonstrate low values of electrical conductivity [7,8].

In recent years, various classes of transition metal compounds (Ni, Co, Mn, Fe,
Mo, and V), in particular, oxides [9,10], hydroxides [11,12], hydroxocarbonates [7,13],
sulfides [14–16], phosphates [17,18], and composites based on them [19–21], have been
considered as candidates for the role of supercapacitor electrodes with a pseudocapaci-
tative effect. According to literature data [22–24], the layered hydroxides and carbonate
hydroxide hydrates of nickel and cobalt are of particular interest from this point of view,
since wide interplanar distance in their crystal structure can greatly facilitate the access
of electrolyte ions into the inner structure of the material, increasing the number of active
centers involved in the electrode. Furthermore, it is reported that Co(CO3)0.5(OH) contains
additional internal metallic bonds in its structure that promote electron transport and im-
prove the conductivity of the final electrode [24]. Moreover, the presence of CO3

2− groups
in the composition of layered carbonate hydroxide hydrates increases the hydrophilic-
ity of the material, which also has a positive effect on the rate of electron diffusion in
its structure [25]. Thus, the formation of nanocomposites based on layered hydroxides
and carbonate hydroxide hydrates of nickel and cobalt can contribute to combining their
useful characteristics and obtaining new electrode materials with improved operating
parameters. The most convenient method for obtaining such compounds is hydrothermal
synthesis [26–28], which allows, depending on the process conditions (concentration and
type of reagents, temperature and pressure in the reactor, and the duration of thermal
treatment), one to obtain a wide range of microstructure variants with varying degrees
of dispersity and crystallinity. Additionally, this method allows hierarchically organized
materials and films to be formed with increased roughness, which ensures better wettability
of the material surface and increases its specific surface area and the number of active
centers, contributing to fast ion diffusion at higher applied current and therefore ensuring
a high-rate performance [29–31].

In most works concerning the development of supercapacitor electrodes, the applica-
tion of the active material is most often carried out by impregnating the carrier, by screen
printing with pastes based on the target material and organic binder [7,24,32], or in the
process of hydrothermal growth of films, directly on the surface of substrates of varying
nature [33–35]. These approaches are not always convenient from the point of view of
targeted material deposition or creation of electrode structures of complex geometry; in
addition, removal of the organic binder after coating deposition requires additional heat
treatment of the obtained samples, which may negatively affect their morphology, chemical
composition, or crystal structure. Previous research by various authors has shown the high
efficiency of using printing technology to create miniaturized components and devices for
alternative energy, electronics, and gas sensing. In particular, it has been demonstrated
that approaches such as ink-jet printing [36–39], aerosol printing microplotter [40–43] and
microextrusion [44–49] printing, and pen plottier printing [50–52] allow the use of inks of
varied viscosity, forming coatings of different thickness and geometry with high accuracy
and ensuring high reproducibility of microstructures and functional characteristics of the
resulting planar structures.

The purpose of this work was to study the synthesis of a nanocomposite based
on layered double nickel and cobalt hydroxides and carbonate hydroxide hydrates by
using a hydrothermal process to develop a technique for the microplotter printing of
an electrode film as an array of miniature planar nanostructures on a nickel-plated steel
surface using functional inks based on the obtained hierarchically organized powder and
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to study the electrochemical properties of the resulting material as a promising component
of supercapacitors.

2. Materials and Methods
2.1. Materials

NiCl2·6H2O (>98%, Lenreactiv, St. Petersburg, Russia), Co(NO3)2·6H2O (>98%, Lenre-
activ, St. Petersburg, Russia), (NH2)2CO (99%, RUSHIM, Moscow, Russia), and ethylene
glycol (Chimmed, Moscow, Russia) were used in this work without further purification.

2.2. Nanopowder Preparation

Powder preparation was carried out using a hydrothermal process. Firstly, an aqueous
solution of nickel chloride and cobalt nitrate (volume of 60 mL and a total metal concen-
tration of 0.05 mol/L, n(Co)/n(Ni) = 2) was prepared. Then, 0.63 g of urea was added
to this solution, and the resulting reaction system was placed in a 100 mL stainless-steel
autoclave with a Teflon insert followed by controlled heat treatment in a muffle furnace
(temperature—140 ◦C, duration of heat treatment—1 h, and heating rate—1.5 ◦C/min).
After natural cooling, the formed solid phase particles were separated and washed with
distilled water by cyclic centrifugation. Finally, the obtained powder was dried at 100 ◦C
for 5 h and further characterized using a set of methods of physico-chemical analysis.

2.3. Microplotter Printing of Electrode Film

The resulting hierarchically organized nanopowder was used to prepare a stable dis-
perse system (solid phase particle content of 10 mg) in ethylene glycol (1 mL volume), with
rheological properties suitable for serving as a functional ink for microplotter printing
an array of miniature planar nanostructures on the surface of a nickel-plated steel sub-
strate (substrate dimensions 25 × 8 × 0.15 mm). A capillary with a channel diameter of
120 µm was used as a dispenser. Automatic application of an array of miniature planar
nanostructures (lateral dimensions of the modified substrate surface were 10 × 8 mm, and
the distance between individual pixels was 300 µm) to both sides of the substrate was
performed using a 3-axis positioning system after a meniscus of functional ink touched
the substrate surface according to a digital trajectory. The formed ink film was further
subjected to step drying in the temperature range of 25–100 ◦C (2 h) to evaporate the solvent.
Thus, arrays of 858 pixels (a total of 1716 pixels) of electrode material were formed on both
substrate surfaces. Considering that the volume of one drop of ink during printing was
about 1.4 nL, the total mass of the active material deposited on the surface of the substrate
was 2.5–10−5 g.

2.4. Instrumentation

The thermal behavior of the obtained semiproduct was studied using synchronous
(TGA/DSC) thermal analysis (SDT Q-600 thermal analyzer, TA Instruments, New Castle,
DE, USA) in an air flow in the temperature range of 25–1000 ◦C (controlled heating was
performed in Al2O3 microcrucibles at the rate of 10 ◦/min in air flow, the gas flow rate was
250 mL/min, and the sample mass was 8.911 mg).

To record the Fourier transform infrared (FTIR) spectra of the powder, a suspen-
sion was prepared in nujol mull, which was then placed as a film between KBr glasses.
Spectra were recorded in the wave number range of 350–4000 cm−1 (signal accumulation
time—15 s and resolution—1 cm−1) using an FTIR spectrometer InfraLUM FT-08 (Lumex,
St. Petersburg, Russia).

XRD analysis of the obtained powder was carried out using a D8 Advance diffractometer
(Bruker, Bremen, Germany; CuKα = 1.5418 Å, Ni filter, E = 40 keV, I = 40 mA, 2θ range—
5◦–80◦ and 30◦–41◦, resolution—0.02◦, signal accumulation time at one point was 0.3 s and
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2.0 s (in the case of powder analysis at 2θ range—30◦–41◦)). The average size of the coherent
scattering region (CSR) was calculated using the Debye–Scherrer formula [53]:

D =
kλ

βcosθ
, (1)

with D being crystallite size, λ being X-ray wavelength, k being Scherrer’s constant, β being
the full width at half maximum, and θ being the diffraction angle.

The microstructures of the obtained nanopowder and the formed array of miniature
planar nanostructures were studied using scanning electron microscopy (SEM; NVision-40,
Carl Zeiss, Inc., Oberkochen, Germany). Elemental analysis and mapping of element
distributions over the film surface were performed as part of SEM by using an EDX
spectrometer INCA X-MAX 80 (Oxford Instruments, Abingdon, UK).

The film applied to the surface of the nickel-plated steel substrate was also examined
by atomic force microscopy (AFM). As a result of the performed measurements, the data
on the film microstructure and its local electrophysical properties were obtained. For this
purpose, a Solver Pro-M scanning probe microscope (NT-MDT, Zelenograd, Russia) and
ETALON HA-HR probes (ScanSens, Bremen, Germany) with W2C+ conductive coating (tip
curvature radius < 35 nm) in modes of semicontact AFM, Kelvin probe force microscopy
(KPFM), and scanning capacitive microscopy (SCM) were used. The measurements were
performed at ambient conditions.

The electrochemical characteristics of the sample were investigated using a potentiostat-
galvanostat P-40X equipped with an electrochemical impedance measurement module
FRA-24M (Electrochemical Instruments, Chernogolovka, Russia) at room temperature
(25 ◦C). The material printed on the surface of a nickel-plated steel substrate served as
the working electrode, and Ag/AgCl and a graphite rod were used as the reference and
counter electrodes, respectively. The mass of the active material was 2.5 × 10−5 g. The mea-
surements were carried out by cyclic voltammetry (CVA), galvanostatic charge–discharge
(GCD), and electrochemical impedance spectroscopy (EIS) in the electrolyte, which was
an aqueous solution of KOH (c = 3 mol/L). The value of the areal specific capacitance (Cs,
F/cm2) of the electrode material under study was calculated using the discharge curves
measured using the three-electrode scheme according to the following formula [54]:

Cs = (I × ∆t)/(S × ∆V) (2)

where I is the discharge current (A), ∆t is the discharge time (s), ∆V is the discharge
potential window, and S is the geometric area of the electrode (cm2).

3. Results and Discussion
3.1. Characterization of the Prepared Nanopowder

The thermal stability of the obtained powder was studied by means of a synchronous
thermal analysis (Figure 1). As can be seen from the corresponding thermograms, the
material undergoes 3 stages of mass loss in the investigated temperature range in the
intervals 25–220, 220–410, and 410–860 ◦C. In the 1st stage, the value of mass loss is about
6%, which is associated with the removal of residual solvent and sorbed atmospheric gases.
The 2nd stage shows a more intense mass reduction (∆m = 20.5%), accompanied by a more
complex set of thermal effects. As can be seen from the DSC curve, in this case, there is a
combination of endothermic effects in the region of 225–370 ◦C with a narrower exo-effect
and a maximum at 265 ◦C. This behavior is characteristic of the carbonate hydroxide hydrate
of cobalt of the composition Co(CO3)0.5(OH)·0.11H2O [55] and may be associated with the
oxidation process Co2+ → Co3+ as well as with crystallization of the corresponding oxide.
The simultaneous presence of intense mass loss and thermal effects with energy absorption
indicates active decomposition of the substance in a given temperature interval. This
process continues even at further temperature increases, but its rate decreases significantly.
The value of ∆m at the third stage is about 5.5%, and at its final stage, an acceleration
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of the mass reduction process is observed, accompanied by an endothermic effect with a
minimum around 838 ◦C associated with the decomposition of NiCo2O4 oxide formed in
the temperature range of 400–500 ◦C. The powder mass stabilizes with a further increase in
temperature. Thus, the total mass loss in the investigated temperature range was about
32%. Taking into account the results of the analysis, the thermal stability of the powder
under study is limited to a temperature of about 200 ◦C.

Figure 1. Results of synchronous (TGA/DSC) thermal analysis of the obtained powder.

The crystalline structure of the obtained powder was studied using X-ray powder
diffraction analysis (XRD) (Figure 2). As can be seen from the overview diffractogram,
the powder is characterized by a fairly low degree of crystallinity, which, as we noted
earlier, is preferable for supercapacitor electrodes, contributing to a more effective pene-
tration of charged particles deep into the material and interaction with a greater number
of active centers on its surface. Nevertheless, the analysis results allow us to observe
the simultaneous presence of a set of reflexes characteristic of nickel–cobalt carbonate
hydroxide hydrate of composition M(CO3)0.5(OH)·0.11H2O (where M is Ni2+ and Co2+)
(JCPDS card no. 48-0083) [56,57] and a signal at 2θ = 12.2◦, probably related to (003)
planes of the hydrotalcite-like nickel–cobalt layered double hydroxides phase (JCPDS card
no. 33-0429) [53,58] on the XRD pattern. The main component in the composite thus formed
is nickel–cobalt carbonate hydroxide hydrate, so in the first place, the following chemical
interactions took place in the hydrothermal synthesis stage [56]:

H2O + CO(NH2)2 → CO2 + 2NH3 (3)

H2O + CO2 → 2H+ + CO3
2− (4)

0.11H2O + M2+ + OH− + 0.5CO3
2− →M(CO3)0.5(OH)·0.11H2O (5)

The average crystallite size for the obtained M(CO3)0.5(OH)·0.11H2O, according to the
analysis of XRD data, was 26 ± 3 nm.
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Figure 2. XRD patterns of the obtained powder (left—overview and right—for 2θ range 30◦–41◦ with
longer signal accumulation; reflex from the nickel–cobalt layered double hydroxides phase is marked
by the “*” marker).

FTIR spectroscopy was employed to study the set of functional groups in the synthe-
sized sample composition (Figure 3). The spectral analysis findings agree well with the XRD
data, which is confirmed by the presence of absorption bands associated with the above-
mentioned components. Thus, the absorption band around 1530 cm−1 partially overlapping
with the signal from the Vaseline oil belongs to the ν(OCO2) stretching vibration. The low-
intensity bands at 1070 and 829 cm−1 are related to ν(C=O) and δ(CO3), respectively, and
the bands with maxima at 968 and 528 cm−1 are attributed to δ(M–OH) and ρw(Co–OH),
respectively. The indicated absorption band set is characteristic of carbonate hydroxide
hydrate [56]. The broad absorption band in the 3100–3700 cm−1 region probably refers
to the ν(O–H) stretching vibration of NiCo-LDH, and the weak signal around 1640 cm−1

refers to the bending vibration, which is typical for layered metal hydroxides [59,60]. The
spectrum of the composite powder under study also exhibits an absorption band in the
region of 2150–2260 cm−1, probably related to ν(NCO) vibrations [61]. The presence of
this functional group may be connected with the formation of isocyanic acid during urea
decomposition during hydrothermal treatment of the reaction system [62] in accordance
with the following reaction:

NH2—CO—NH2 → NH3 + HNCO (6)

Figure 3. FTIR spectrum of the obtained powder (the “*” marker indicates Vaseline oil absorption bands).
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Furthermore, the incorporation of the –NCO group into the material structure is
common to layered hydroxides due to the peculiarities of their structure, as follows from
the FTIR results of other authors [32] who used urea as a precipitant in the synthesis of
NiCo-LDH. Thus, the presence of the corresponding absorption band in the spectrum of
the powder we obtained provides additional evidence for the presence of nickel–cobalt
layered double hydroxides as a material component.

The microstructure of the obtained powder was examined by SEM (Figure 4). The
corresponding images demonstrate the presence of two structures in the material. The first
is a spherical hierarchically organized structure with a diameter of 8–10 µm, whose surface
consists of orthogonally arranged nanorods about 1 µm long and 10–50 nm thick, which
agrees well with the results of the average CSR size estimation. Individual nanorods of
similar size or agglomerates in the form of bundles consisting of several nanorods should be
noted as the second component. The presence of two microstructural types agrees well with
the XRD and FTIR powder results, which indicate the simultaneous presence of nickel–balt
carbonate hydroxide hydrate M(CO3)0.5(OH)·0.11H2O (where M is Ni2+ and Co2+) and
nickel–cobalt layered double hydroxides in the material composition. Given the literature
data, the hierarchically organized spherical formations probably belong to nickel–cobalt
carbonate hydroxide hydrate [63], while individual nanofibers and their bundles can be
attributed to NiCo-LDH. Thus, the results of scanning electron microscopy further confirm
the composite nature of the obtained nanopowder.

Figure 4. Microstructure of the obtained nanopowder (according to SEM data).

3.2. Characterization of the Printed (M(CO3)0.5(OH)·0.11H2O)/(NiCo-LDH) Film

Functional inks obtained from the hierarchically organized (M(CO3)0.5(OH)·0.11H2O)/
(NiCo-LDH) (where M is Ni2+ and Co2+) nanopowder were further used for the microplot-
ter printing of an electrode film on the surface of a nickel-plated steel substrate on both
sides (Figure 5a). The appearance of the resulting sample allows one to observe the formed
ordered array of miniature planar nanostructures (“pixels”) with a distance of 300 µm
between their centers (Figure 5b,c), which additionally testifies to the high addressability of
material deposition and reproducibility of the electrode structure formation process using
printing technologies.

Figure 5. The microplotter printing of functional film (a) and the appearance of the resulting miniature
planar nanostructure array on a Ni substrate (b,c).
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When studying the microstructural features of the printed film by SEM, maps of
element (Ni, Co, and O) distribution over the studied sample surface were built (Figure 6).
The results clearly demonstrate the reduced content of nickel in the formed miniature
planar nanostructures compared to the substrate surface. In the electrode “pixels” area,
the presence of cobalt and increased oxygen concentration compared to the surface of the
metal substrate are also observed.

Figure 6. Printed film microstructure and element distribution maps (Ni, Co, and O) on its surface.

A more detailed analysis of the printed film microstructure showed that the diameter
of individual miniature planar structures is about 140 µm (Figure 7a). As can be seen
from the micrograph of an individual “pixel”, the gradient of particle distribution over the
surface (coffee stain effect) is almost absent (Figure 7b). The main area of printed planar
structures is a thin film of individual nanorods with periodic inclusions of larger spherical
hierarchically organized formations (Figure 7c). Therefore, the microstructural features of
the (M(CO3)0.5(OH)·0.11H2O)/(NiCo-LDH) (where M is Ni2+ and Co2+) composite powder
are preserved during functional ink preparation and electrode film application. Thus,
the spherical formations, as in the case of the powder, consist of nanorods orthogonally
arranged to their outer surface (Figure 7d–f), and the individual nanorods covering the
main surface of the electrode “pixels” are 10–50 nm thick (Figure 7g–i).

Figure 7. Microstructure of the printed film (according to SEM data).

The results of AFM analysis of the film surface (Figure 8a,b) show that the main surface
of the formed miniature planar nanostructures consists of anisotropic one-dimensional
particles with a thickness of about 35 nm and a submicron length (400–1200 nm). At the
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same time, there is a tendency for the combination of the particles by side faces, forming
agglomerates in the shape of “stacks”. This film microstructure agrees well with the SEM
results. In order to visualize the obtained film topography, the corresponding 3D images
are given in Figure 8e,f. The mean square roughness of the material surface is 28 nm
(for a pure substrate, this parameter is 8 nm). This value is close to the thickness of one-
dimensional particles, which indicates the formation of an active electrode layer with a
thickness comparable to that of a single particle.

Figure 8. AFM results of the nickel–cobalt carbonate hydroxide hydrate film: topography (a,b),
surface potential distribution map (c), capacity gradient distribution map for “probe tip—sample
microregion” capacitor (d), and 3D images of the film at different magnifications (e,f).

During the study of the film surface, its local electrophysical properties were also
studied (Figure 8c,d). Thus, the surface potential distribution map (Figure 8c) shows areas
with markedly higher values of this parameter (~0.1 eV). This may indicate that the film
has insufficient conductivity (probably related to the lack of dense contact between the
particles) for a uniform distribution of charges over its surface, resulting in the formation
of areas with strongly prominent surface charges. On the map of capacitance gradient
distribution over the material surface of the “probe tip—sample microregion” capacitor
(Figure 8d), the boundaries between particles are practically not distinguished, which can
also indicate a slightly reduced electronic conductivity or that its intergrain character is not
strongly pronounced.

Using a probe with a known electron work function (φwt = 4.683 eV) calibrated with
highly oriented pyrolytic graphite, the value of the electron work function for the film
surface was determined to be 4.13 eV from the KPFM results. For NiCo-LDH-based ma-
terials, this value in the literature ranges from 2.9–2.97 [64,65] to 4.2 [66] and 5.24 eV [67].
Such a wide range of values of the electron work function may indicate a significant
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influence on this parameter of not only the chemical composition but also the synthe-
sis conditions and microstructural features of the material, which confirms the need for
additional systematic studies.

3.3. Electrochemical Properties

The CV curves presented in Figure 9a regardless of the scan rate exhibit two pro-
nounced redox peaks in the 0–0.5 V (vs. Ag/AgCl) potential region. This form of the curve
indicates that the electrochemical capacity of the studied sample is mostly determined
by the faradaic processes’ contribution. The reversible transformations of electrode ma-
terial occurring during electrochemical testing proceed in two stages: at the first stage,
carbonate hydroxide hydrates of nickel and cobalt are transformed into metahydroxides
(reactions 7 and 8 [25,68]), followed by the appearance of reversible transitions Ni2+↔Ni3+

and Co2+↔Co3+↔Co4+ (reactions 9–11 [69]):

Ni2(CO3)(OH)2 + 4OH− ↔ 2NiOOH + CO3
2− + 2H2O + 2e− (7)

Co2(CO3)(OH)2 + 4 OH− ↔ 2CoOOH + CO3
2− + 2H2O + 2e− (8)

NiOOH + H2O + e− ↔ Ni(OH)2 + OH− (9)

CoOOH + H2O + e− ↔ Co(OH)2 + OH− (10)

CoOOH + OH− ↔ CoO2 + H2O + e− (11)

Figure 9. Electrochemical performance of materials in a three-electrode system with 3 M KOH
electrolyte: CV curves at different scan rates (a), GCD curves at different current densities (b) and
rate capabilities (inset: cycle performance of the film at 0.300 mA/cm2 for 2000 cycles) (c), and the
EIS spectrum for the material under study (inset: enlargement of high-frequency part and equivalent
circuit model) (d).
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Since the nickel and cobalt redox processes have sufficiently close potential ranges,
in our case, they probably overlap, and only two distinct peaks are observed on the CV
curves. It should be noted that the shape of the curves remained practically unchanged as
the scanning speed increased; only a slight shift of the anodic peaks towards more positive
potential and cathodic peaks towards more negative potential was observed, which was
additionally accompanied by the increase in the current value. This trend indicates the
energy storage possibility, as well as the reproducibility and reversibility of the processes
that cause the occurrence of the material electrochemical capacitance [69].

According to the galvanostatic charge–discharge tests at different current densities,
the discharge curves were plotted (Figure 9b), which have a non-linear range and a plateau,
which agrees well with the CV curves and further confirms the faradaic mechanism of
capacitance in the studied sample. Based on the GDC data, and using Equation (2), the areal
specific capacitance (Cs) values were calculated, and it was found that increasing the current
density from 0.030 mA/cm2 to 0.300 mA/cm2 leads to a 5% decrease in the Cs value from
10.1 to 9.6 mF/cm2 (Figure 9c). Such a decrease in capacitance is typical for supercapacitor
electrodes and related to the fact that at higher current densities, electrolyte ions involved
in the charge transfer process do not have time to penetrate into the material pores and
interact only with a limited number of the surface active centers, while at lower density, the
charged particles reach a greater material depth, providing the most effective interaction
of electrolyte with active centers of the surface. Cyclic stability tests of the investigated
electrode material allowed us to determine that the capacitance value at 0.300 mA/cm2

is retained by 93% after 2000 charge–discharge cycles (Figure 9c, inset). Such stability
has been previously observed for similar materials and may be due to the presence of
nanorod structures in their composition, which, as shown in [28], enable stabilization of the
active material volume change in the process of hydroxide-ion incorporation/extraction
according to reactions 9–11.

The electrochemical characteristics of the pristine substrate without active material
were additionally studied (Figure S1a,b). The CV curves show that the current values as
well as the CV-integrated area in the case of a pure substrate are several times smaller
compared to the substrate with nanostructures printed on its surface. The capacitance
value of the pure substrate calculated with the galvanostatic charge–discharge data was
about 3.5 mA/cm2 at 0.030 mA/cm2, which is about 3 times lower than the capacitance
value for the studied electrode.

Additionally, the electrochemical kinetics of the obtained electrode was studied by
impedance spectroscopy. The corresponding Nyquist plot (Figure 9d) includes two compo-
nents: a semicircle (in the high-frequency range) and a straight line (in the low-frequency
range). The diameter of the semicircle represents the charge transfer resistance (Rct), and
the interval cut by the curve at high frequencies from the real axis indicates the diffusion or
solution resistance (Rs) of the electrolyte [70]. The electrode material under study exhibits
relatively low Rs (0.386 Ohm) and Rct (1.6 Ohm) resistances, indicating active ion transport
at the electrode/electrolyte interface. The Nyquist plot under consideration also contains a
linear part described by the Warburg impedance (Figure 9d, inset), which determines the
electrolyte ion penetration into the active material of the electrode [70].

Analyzing the obtained functional characteristics of the formed electrode material,
one can judge that the demonstrated specific capacitance values are generally comparable
with similar materials (Table S1) obtained earlier by other researchers when creating the
miniature supercapacitor electrodes [31,71,72]. In addition, it is important to note the
high cyclic stability of the electrode material obtained in our study, which is important
in terms of the final device lifetime. Further increases in the specific capacitance value of
the electrode material we proposed could be achieved by increasing the active material
mass as well as the substrate surface area modified by it. Nevertheless, in the course of
the study, it was shown that the proposed technology of synthesis and printing gives a
fundamental possibility for the effective formation of the corresponding miniature electrode
nanostructures as promising components of miniature supercapacitors. The results of the
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electrochemical characteristics comparison of the materials obtained by us with similar
ones obtained in other works are given in Table S1 in the Supplementary Materials.

4. Conclusions

The hydrothermal synthesis of a hierarchically organized nanocomposite based on
nickel–cobalt carbonate hydroxide hydrate of composition M(CO3)0.5(OH)·0.11H2O (where
M is Ni2+ and Co2+) and nickel–cobalt layered double hydroxides was studied. TGA/DSC
results indicated that the prepared material retained thermal stability up to 200 ◦C. The
XRD and FTIR data revealed the main component of the material to be nickel–cobalt car-
bonate hydroxide hydrate, and the presence of NiCo-LDH was further confirmed by the
presence of an –NCO group intercalated in its structure, formed by the urea decomposi-
tion under hydrothermal conditions. The resulting hierarchically organized nanopowder
was utilized for functional ink fabrication and electrode film printing on the surface of a
nickel-plated steel substrate. Analysis of its microstructure showed that the diameter of
individual miniature planar structures is about 140 µm. Furthermore, it was demonstrated
that the microstructural features of the nanocomposite after the functional film application
are preserved—the main area of the printed miniature planar structures is a thin film of
individual nanorods 10–50 nm thick (which agrees well with the calculated average CSR
size: D = 26 ± 3 nm) with periodic inclusions of larger hierarchically organized spherical
formations 8–10 µm in diameter calculated from XRD data. The AFM data indicated that
the mean square roughness of the material surface was 28 nm, and the work function value
of the surface of the miniature electrode structure (4.13 eV) was estimated according to the
KPFM results. The electrochemical properties were studied for the formed composite film;
in particular, the specific capacitance was determined, and it was found that a decrease in
current density from 0.300 mA/cm2 to 0.030 mA/cm2 leads to an increase in this parameter
from 9.6 to 10.1 mF/cm2. The electrochemical kinetics of the obtained electrode was inves-
tigated by impedance spectroscopy. As a result, it was found that the examined electrode
material exhibited relatively low Rs and Rct resistance, which indicates active ion transfer at
the electrode/electrolyte interfaces. Thus, the study showed that the hydrothermal method
allowed us to prepare a hierarchically organized nanocomposite based on nickel–cobalt car-
bonate hydroxide hydrate of composition M(CO3)0.5(OH)·0.11H2O (where M is Ni2+ and
Co2+) and NiCo-LDH, and through microplotter printing, the targeted and reproducible
formation of corresponding miniature electrode nanostructures as promising components
of compact supercapacitors can be realized.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13105844/s1, Figure S1: Electrochemical characterization of
initial nickel-plated steel substrate: CV curves at various scan rates (a) and GCD curves at various
current densities (b); Table S1: Comparison of areal capacitance and cycle stability of different
Ni-based electrode materials for micro-supercapacitors.
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