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Abstract: One-dimensional (1D) nanostructures, such as nanotubes, nanopores, nanodots and
nanocones, are characterized by better catalytic properties than bulk material due to their large
active surface area and small geometrical size. These structures can be produced by several methods
of synthesis including the one- and two-step methods. In the one-step method, a crystal modifier
is added to the solution in order to limit the horizontal direction of structures growing during elec-
trodeposition. In this work, NH4Cl was used as a crystal modifier. Another way of production of 1D
nanocones is the electrodeposition of metal in porous anodic alumina oxide (AAO) templates, called
the two-step method. In this case, the AAO template was obtained using a two-step anodization
process. Nanocones obtained by the two-step method show smaller geometrical size. In this work,
cobalt nanoconical structures were obtained from an electrolyte containing CoCl, and H3BOj3. The
electrocatalytic properties of materials fabricated by one-step and two-step methods were measured
in 1 M NaOH and compared with bulk material electrodeposited from the same electrolyte. There
were several microshell structures in the case of Co deposits obtained by the one-step method. To
solve this problem, different conditions of synthesis Co cones by the one-step method were applied.
The electrocatalytic activity of these samples was checked as well.

Keywords: 1D nanocones; anodization; crystal modifier; cobalt; electrodeposition; hydrogen evolu-

tion reaction

1. Introduction

One-dimensional (1D) nanostructures are characterized by two nanometric dimen-
sions in three perpendicular directions [1]. In recent years shape control of micro- and
nanomaterials has been developed due to their unique properties. 1D materials can be
synthesized using several methods such as electrodeposition with crystal modifiers [2],
electrodepositon in a template produced by two-step anodization [3,4], hydrothermal
reduction [5], sol-gel [6], laser ablation [7], nanoimprint lithography [8], etc. The electrode-
position method is a simple and low-cost process for coating fabrication. It also allows
obtaining composites [9]. The coatings morphology can be controlled by changing process
parameters [10,11]. It is possible to cover large areas and complex-shaped surfaces using
this method.

Synthesis of different-shaped materials during a single electrodeposition process is
called the one-step method [12-14]. It is connected with the addition of a crystal modifier,
which is also called a capping reagent. The higher amount of crystal modifier allows
obtaining sharper cones [13].
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In the case of the one-step method, the addition of a crystal modifier causes blocking
a horizontal direction of structures growth and promoting a parallel one. This effect is
connected with the screw dislocation-driven crystal growth [13]. There are several examples
of used crystal modifiers such as ethylenediamine dihydrochloride (EDA-2HCI) [15-17],
CaCl,-2H,0 [13] or NH4Cl1 [18]. This method allows covering a large area quickly. Another
advantage of this method is that it avoids the use of chromic acid, which is dangerous for
the environment. In the case of cobalt, shell-like materials were obtained instead of conical
ones [19]. It was also noticed that the addition of H3BOj3 has a significant influence on the
micro- and nanocone structure due to the formation of complexes with Ni ions [12] that
act as a capping reagent. Change of current density during the electrodeposition process
allows to the production of microcones and the synthesis of nanoconical structures on their
surface [12,20].

Two-step methods connect two processes: fabrication of a porous anodic alumina
oxide (AAO) template and electrodeposition of a metal or alloy on this template. Pre-
produced AAO templates obtained by a two-step anodization method are used in this
process, Firstly, long-period anodization (the first step of the two-step anodization process)
is performed to produce an Al,Oj3 layer, which has to be removed in a mixed solution of
chromic and phosphoric acid. Alternating cycles of short-period anodization and pore
widening processes are called the second-step of two-step anodization. Two-step methods
allow one to obtain round-ended nanocones. The advantage of this method is the possibility
to control the geometrical features of the synthesized structures. Produced 1D structures
show better electrocatalytic properties than bulk materials due to their small geometrical
size [21,22].

Nowadays, the issue of renewable energy sources is more and more important due to
technological development and thus the increase in energy demand. Shaped structures,
especially nanosized ones, are characterized by greater electrocatalytic activity due to
their small geometric size and large active surface area [14,23]. They could this be used
in solar water splitting systems [24]. Sharp-ended cones ensure also superhydrophobic
properties of the materials [17,19]. These types of materials are characterized by excellent
anti-corrosion and self-cleaning properties [25].

Cobalt is an element from the Fe-group metals which are characterized by ferro-
magnetic properties. Obtaining conical structures allows them to be applied as magnetic
devices and memory sensors. Cobalt coatings are also characterized by superhydrophobic
properties [26].

In this work, Co cones are obtained from the same base electrolyte using two different
methods. However, the applied conditions did not allow one to obtain sufficient shape of
cones electrodeposited from the solution containing crystal modifier (one-step method A).
Cobalt structures were synthesized again from an electrolyte with a different composition
(one-step method B). The value of applied current density was also different. The influence
of time on the structure quality was investigated using SEM photos. The samples were com-
pared in terms of morphology and electrocatalytic properties. The electrocatalytic activity
was measured in 1 M NaOH using the linear scan voltammetry (LSV) and chronopoten-
tiometry (CP) methods. The novelty of this work is connected with the successful synthesis
of cobalt-containing conical structures from the electrolyte containing a crystal modifier
(one-step method B). It was necessary to apply different conditions (one-step method B),
which allow one to obtain cones. An attempt to compare this one-step method with the
two-step (with AAO template) one was made. This information is useful due to the need
for synthesis of stable catalysts with large active surface area and defined geometrical size.

2. Results and Discussion
2.1. Preliminary Synthesis of Co Cones

In order to confirm obtaining desired structures samples were observed using a
JEOL-6000 Plus scanning electron microscope (SEM). Photos are shown in Figure 1.
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Figure 1. SEM photos of (a) bulk material and Co cones synthesized using (b) one-step method and (c) two-step method.
Magnification: x10,000.

It can be noticed that all expected types of materials were obtained. However, the
synthesized bulk material surface is not a flat one. Cobalt cones fabricated by the one-
step method A are not homogeneous. Single cones are connected, which indicates that
NH4Cl could not block the horizontal direction growth to an appropriate degree. There are
numerous holes and precipitations on the surface of Co nanocones obtained by two-step
method. However, their geometrical size is several times smaller. The SEM photo and
results of EDS analysis of Co nanocones are shown in Figure 2.

Full scale counts: 12958 Co(2)_pt1

(b)

Figure 2. (a) SEM photo of Co nanocones and (b) mapping analysis spectra.

It can be noticed that Co cones were obtained successfully. The chemical composition
is as follows: 90.40 at.% Co and 10.60 at.% Cu. The presence of copper is connected with
a thin, sputtered copper layer which ensured the conductivity of AAO. To determine
appropriately the electrocatalytic properties of samples, the real surface area has to be
known. In the case of cones synthesized using one-step method A, the geometrical features
were determined using SEM photos as shown in Figure 3.
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Figure 3. Determination of (a) cones height and (b) number of cones using SEM photos.

The height of conical structures was marked by a line at least 10 times and measured
as shown in Figure 2a. To determine the number of cones (Figure 2b), several areas were
randomly selected, where the ends of the cones were marked with points and the number
per 1 um? counted.

This allowed us to calculate of the surface of a single cone and then multiply this value
by the number of structures. Based on the obtained results (Table 1), the real surface areas
were determined for all materials.

Table 1. Determined values of real active surface area for all samples.

Material Height [nm] Number of Cones Per 1 um? Real Active Surface Area [cm?]
Co cones obtained in one-step method 866 2.75 8.05
Co nanocones obtained in two-step method 74+1 68 3.57
Co bulk - - 2.80

The biggest value of the real active surface area is shown by Co cones obtained in
one-step method A. However, the determination was approximate in all cases. Firstly, the
cones are heterogeneous. Their base is also not a perfectly round one. Nevertheless, this
calculation confirmed that the height of Co cones, obtained using one-step method A, is
almost tenfold greater than for structures synthesized by the two-step method. The height
and the number of nanocones for the two-step method were earlier determined using TEM
photos [27,28].

The electrocatalytic properties of samples were measured in 1 M NaOH using the
linear scan voltammetry (LSV) technique. The results are shown in Figure 4.

It can be noticed that the Co cones fabricated by one-step methods A show the worst
electrocatalytic properties. The sharp character of the curve for Co nanocones is connected
with areas on the sample surface blocked by hydrogen bubbles. Two tangents were plotted
on Figure 4 (one-step method A). The point of their intersection marked the value of ONSET
potential for each sample. The values of determined Eonspr are presented in Figure 4.

The hydrogen evolution began the earliest for the Co nanocones obtained using the
two-step method. This confirms that the main benefit of nanostructuring is connected
with the increase of surface active area and therefore the sample electrocatalytic activity.
The noticeable decrease in the case of Co bulk (Figure 4 green curve) is connected with
the removal of any oxides from the sample surface. Co nanocones obtained using the
AAO template were destroyed during the hydrogen evolution reaction due to the fragile
character of the samples.
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Figure 4. Linear sweep voltammetry (LSV) curves of Co bulk and Co nanocones obtained using
one-step and two-step method in 1 M NaOH solution.

2.2. Electrodeposition of Co Cones Using Different Conditions—One-Step Method B

The unsatisfactory shape of cones required us to change the electrodeposition con-
ditions. To achieve this, the influence of electrodeposition time from the electrolyte with
new composition on the quality of cones was checked (one-step method B). The results
are shown in Figure 5. The obtained results show that there are significant increases in
size and active area development of the obtained structures during the electrodeposition
time. Deposits synthesized for 40 s (Figure 5d) show a shape closer to a conical one. Fur-
ther prolongation of electrodeposition time caused the fabrication of shorter cones. All
coatings are characterized by structures with not uniform and various values of height.
Another prolongation of the electrodeposition time has allowed obtaining complex-shaped
structures built by micro-shells, as shown in Figure 5g.

The surface of coatings obtained by one-step method A and B was analyzed using
AFM method and compared. The results are shown in Figure 6.
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Figure 5. Co cones obtained using one-step method B after (a) 10's, (b) 20 s, (c) 30's, (d) 40 s, (e) 50 s, (f) 60 s and (g) 120 s
of electrodeposition.
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(a)

Figure 6. AFM analysis of sample obtained by one-step method (a) A for 20 min at 20 mA/cm? and (b) B for 40 s at

350 mA /cm?.

The performed analysis confirmed that the obtained structures are not on the nanoscale
in both cases. In the case of one-step method A, the height of the cones is more uniform than
for the ones produced by one-step method B. These two methods allowed us to synthesize
dense sharp-ended conical structures with high density. The previous calculation of the
height of cones obtained by one-step method A gave the height value equal to 0.866 um. It
can be concluded that it is in the range of AFM results. Moreover, to better investigate the
sample surface, the roughness of the samples was measured using confocal microscopy.
Observations were performed in three different areas of the sample. The first sample was
obtained by one-step method A for 20 min at 20 mA /cm? and the second one by one-step
method B for 40 s at 350 mA /cm?. Figure 7 shows these results.

Based on these results, it can be concluded that one-step method A allowed us to
obtain a bigger amount of smaller cones than one-step method B. The mean roughness
Ra was determined. Its approximate values were as follows: 0.161 um for Figure 7a and
0.219 pum for Figure 7b. However, due to the measurement accuracy, the approximate value
of the maximum profile height Rz was also calculated. It is equal to 0.920 um for the sample
obtained by one-step method A and 1.529 um for the one obtained by one-step method B.
This confirmed that one-step method A allows one to obtain a multitude of small cones.
The electrocatalytic properties of these structures were measured as well. The results are
shown in Figure 8.
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Figure 7. The surface roughness analysis of sample obtained by one-step method A (a) area 1, (b) area 2, (c) area 3 and B
(d) area 1, (e) area 2 and (f) area 3.
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Figure 8. Linear sweep voltammetry (LSV) curves of Co cones obtained after various time of
electrodeposition using one-step method B in 1 M NaOH solution.

In the case of high compaction of these structures, a problem connected with the
determination of active surface area based on SEM photos appeared. Current density
is calculated using the Cu substrate surface (2.8 cm?). It can be noticed that there is no
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influence of the electrodeposition time on the sample properties in the case of hydrogen
evolution reaction (HER). For samples obtained after 30, 40 and 50 s this reaction had
started at the same potential value.

Mechanical stability of cones during electrocatalytic measurements allowed us to
perform chronopotentiometry tests for 600 s as well. The results are shown in Figure 9.
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Figure 9. Results of chronopotentiometry measurements for samples electrodeposited for various time.

The chronopotentiometry results confirm that 40 s of electrodeposition allowed us to
obtain the coating characterized by the best electrocatalytic properties. This sample showed
the less negative value of potential, which is the response to an applied, constant current.

These results let to conclude that the most appropriate time of electrodeposition,
which allows to synthesize the most uniform structures with the highest quality and the
best electrocatalytic properties, is 40 s.

To make the results the most comparable with those of cones obtained by the one-step
method A, a sample surface area without considering the real one was used. However, it is
noticeable that Co cones obtained in new conditions (one-step method B) are the largest
ones in comparison with previous ones described in Section 2.1. The results are shown
in Figure 10.

The different character of the curves in comparison with Figure 4 is connected with the
surface area. In this case, the Eonsgr values were also determined and showed in Figure 4.
The results show that for the sample obtained by one-step method B the hydrogen evolution
reaction started at a less negative potential than for the previous sample produced by the
same method. It is connected with more developed surface of the deposit.
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Figure 10. LSV curves of Co bulk and Co cones obtained using one-step in different conditions and
two-step method in 1 M NaOH solution.

In the case of different compositions of used electrolytes in one-step method the
composition of obtained structures was analyzed using EDS analysis and compared. The
results are shown in Table 2.

Table 2. Comparison of deposit compositions.

Composition of Deposit [% at.]

Sample
Co (0] Cl1
Co cones obtained by one-step method A 90.83 7.66 1.51
Co nanocones obtained by two-step method 95.59 4.41 -
Co bulk 93.28 6.72 -
Co cones obtained by one-step method B 96.24 3.14 0.62

It can be noticed that all layers obtained using various methods allowed us to obtain
Co cones and nanocones. Obviously, the presence of Cl in the samples synthesized by the
one-step method is connected with the addition of NH4Cl and the adsorption of CI™ ions
on the surface of the deposit. The lowest amount of Co was obtained for cones produced
by one-step method A. This is interesting due to the fact that this electrolyte contained
more Co. The concentration of chloride, in this case, is also two times higher.

The mapping analysis for the sample obtained by one-step method B was also per-
formed. Results are shown in Figure 11.

These results indicate that the distribution of Co is uniform for this sample. Also, in
the case of chloride, the same tendency is observed. However, in the case of oxygen, the
distribution is non-uniform. Some areas characterized by lower content of O are observed,
which can be connected with oxidation of more active areas. The surface of this sample

was also investigated using X-ray photoelectron spectroscopy (XPS). The result is shown in
Figure 12.
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Figure 12. XPS spectrum of sample obtained by one-step method B.

For the XPS analyzed sample Co 2p3,, spectra show the multiplet splitting structure
characteristic for first-row transition metal species containing unpaired electrons. From
the inspection of line positions the first peak centered at 778.1 eV represents the metal-
lic part of Co, lines at 780 and 781 eV and the very high-intensity shake-up satellites
(782-778 eV) indicate that the cobalt is in both Co®* and Co?* oxidation states like in Coz04
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and CoO [29-31]. The relative concentrations of cobalt species present on analyzed sample
surfaces are as follows: 332.5 Co (0), 32.4 CoO and 35.1 Co304. This analysis confirms that
on the obtained surface there is a mixture of metallic and different oxide states. However,
the content of oxides responsible for hydrogen evolution reaction varies.

3. Materials and Methods
3.1. Preliminary Studies on Cobalt Electrodeposition

Fabrication of cobalt cones by the one-step method consisted of the electrodeposition
from an electrolyte with the addition of NH4Cl as a capping reagent. A substrate was a
copper foil. The electrodeposition was carried out galvanostatically with a Pt sheet as a
counter electrode. The used electrolyte has the composition as follows: 200 g/L CoCl,,
100 g/L H3BO3, 100 g/L NH4Cl with neutral pH, the temperature was equal to 60 °C. The
applied current density was equal to 20 mA /cm?, the coatings were deposited in 20 min.
The electrodeposition process performed in the following conditions was entitled: one-step
method A.

In the case of two-step method, the electrodeposition process was performed using an
AAOQO template obtained by two-step anodization. Firstly, long-period anodization of an
aluminium AA1050 sample was conducted in 0.3 M oxalic acid at 2 °C at 45 V for 1 h. This
process is called the first step of anodization. Then, obtained Al,O3 layer was removed
for 1 h at 60 °C using a mixture of 1.6 wt% chromic acid and 6 wt% phosphoric acid. The
second step of anodization consisted of alternating short-anodization and pore widening
process. Short-anodization was performed in 0.3 M H,C,O4 at 9 °C at 45 V for 25 s and
20 s for the first step and next ones. Pores widening process was carried out in 5 wt%
phosphoric acid solution for 12 min at 30 °C. Four alternating cycles were performed to
obtain the template.

For two-step method and fabrication of the bulk sample, the same electrodeposition
conditions as in one-step method A were applied. In these cases, there was no addition of
NH4Cl to the electrolyte.

The free-standing Co nanocones were obtained by removing the template in a dilute
NaOH solution. In the case of bulk material, the copper sample was also the substrate. The
surface area for all materials was 2.8 cm?.

SEM photos of synthesized materials were taken by 6000 Plus (JEOL, Tokyo, Japan)
and SU-70 (Hitachi, Tokyo, Japan) scanning electron microscopes and used for the de-
termination of real active surface area. To compare the compositions of samples, EDS
analysis was applied through the same microscope. The sample surface was analyzed
by atomic force microscopy (AFM, NtegraAura microscope, NT MDT, Moscow, Russia)
equipped with an NSGO03 tip. The sample roughness was determined using a confocal
microscope (LEXT OLS4100, Olympus, Tokyo, Japan). The XPS analyses were carried
out in a VersaProbe II Scanning XPS system (PHI, Chigasaki, Japan) using monochro-
matic Al Ko (1486.6 eV) X-rays focused to 100 pm spot and scanned over the area of
400 pm x 400 pm. The photoelectron take-off angle was 45° and the pass energy in the
analyzer was set to 117.50 eV (0.5 eV step) for survey scans and 46.95 eV (0.1 eV step)
to obtain high energy resolution spectra for the C 1s, O 1s, N 1s and Re 4f regions. A
dual-beam charge compensation with 7 eV Ar* ions and 1 eV electrons was used to main-
tain a constant sample surface potential regardless of the sample conductivity. All XPS
spectra were charge referenced to the unfunctionalized, saturated carbon (C-C) C 1s peak
at 285.0 eV. The operating pressure in the analytical chamber was less than 3 x 107 mbar.
Deconvolution of spectra was carried out using PHI MultiPak software (v.9.9.0.8). Spectrum
background was subtracted using the Shirley method.

Electrocatalytic properties in the hydrogen evolution process of produced deposits
were measured using a SP-300 potentiostat (Bio-Logic, Seyssinet-Pariset, France). The
linear scan voltammetry (LSV) measurements were performed in a range from the open
circuit value to —2 V vs a saturated calomel electrode (SCE) with a scan speed equal to
5 mV/s. In the three-electrode cell, the Co layer was the working electrode, a saturated
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calomel electrode SCE was the reference electrode and a Pt sheet was the counter one.
The process was carried out at room temperature in 1 M NaOH. The values of EonseT
connected with starting of hydrogen reaction were determined from the figures.

Moreover, Co cones obtained by one-step method in new conditions were tested
by chronopotentiometry (CP) measurements for 600 s at a constantly current density
of—10 mA /cm?2. This measurement allowed to determine voltage value, which can be
connected with the overpotential of water splitting reaction.

3.2. One-Step Method B

In this case, the Cu foil was used as a substrate and the electrodeposition process was
carried out galvanostatically with a Pt sheet as a counter electrode as well. The differences
were in used current density, the temperature of electrolyte and amounts of components in
the solutions. This method was called one-step method B. The pH of the solution in both
cases was equal to 4. The differences in conditions for both methods are shown in Table 3.

Table 3. New conditions of the electrodeposition process in one-step method B.

Conditions of the Electrodeposition Process

One-Step Method A One-Step Method B
Electrolyte composition 200 g/L CoClp, 100 g/L H3BO3, 100 g/L NH4Cl 100 g/L CoCly, 35 g/L H3BO3, 100 g/L NH,Cl
Current density i [mA /cm?] 20 350
Temperature [°C] 60 65

4. Conclusions

There is the possibility to produce cobalt cones by one-step and nanocones by a two-
step method using electrolytes with the same composition. Co cones obtained by one-step
A shows greater geometrical size, although many microshell structures are visible. SEM
photos were used to determine the value of the real active surface area.

Co cones, synthesized by one-step method A, show the worst electrocatalytic proper-
ties. This could be due to the assumptions during the determination of the active surface
area. For cobalt nanocones produced by two-step anodization, the hydrogen evolution
reaction started the earliest.

The Co nanocones layer was destroyed by the hydrogen bubbles produced during
this reaction. This can be noticed in the sharp character of the curve.

The change of electrodeposition conditions in one-step method B allowed us to obtain
structures with shapes closer to conical ones.

Forty seconds of electrodeposition process ensure the fabrication of deposits with the
most uniform cones in the case of height. Further prolongation of the process time caused
the synthesis of complex, micro-shell structures.

The results of AFM analysis and surface roughness measurements show that one-step
method A allowed synthesizing a multitude of smaller cones in comparison with one-step
method B. This confirmed that produced cones were microsized. Cones obtained by the
one-step method B show better electrocatalytic properties than previous ones.

All performed experiments allowed us to produce Co deposits with a high atomic per-
centage of Co. The distribution of Co, Cl on the sample surface is uniform. However, XPS
analysis confirms that the sample surface the mixture of metallic and different oxide states.
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