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Abstract. Pure nickel-cobalt (Ni—Co) spinel and its two composites with active carbon and multi-walled carbon nanotubes
(MWCNTs) were synthesized. X-ray diffraction confirmed the nickel cobaltites of cubic syngony and lattice constants for
nanosized crystallites. Fourier transform infrared spectra confirmed an inverse spinel consisting of a tetrahedral site Co**
and octahedral sites Ni?t and Co*. Scanning electron microscopy images demonstrated a surface texture typical for spinels
and agglomerates of composite particles with active carbon and MWCNTs. All the synthesized samples have a surface area
and porosity that are sufficient for the flow of heterogeneous catalytic processes. The micropore volume of the composite
with MWCNTs constituted only 4% of the total porosity, while this percentage represented 25% for the composite on the
basis of active carbon. The high catalytic activity of Ni—Co spinel is proved in the model reaction of borohydride hydrolysis.
To create composite spinel catalysts, active carbon showed itself to be a more efficient carrier for the catalytically active

mass of spinel, as compared to MWCNTs.
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1. Introduction

A search for clean energy to replace the energy of fossil fuels is
an urgent need of the hour. Hydrogen is considered a suitable
candidate for producing clean and sustainable fuels due to
its availability, high energy density and absence of pollution
[1-3].

A relatively safe and inexpensive way to generate enough
hydrogen is by hydrolysis of borohydrides (for example,
sodium borohydride contains ~10.6 wt% of hydrogen). How-
ever, the hydrolysis of sodium borohydride does not occur at
room temperature; therefore, it is necessary to select an effec-
tive and stable catalyst.

In 2006, Chandra and Xu [4] demonstrated for the first time
that noble metals, such as Pt, Rh and Pd exhibit high catalytic
activity towards borohydride hydrolysis at room temperature.

After this discovery, many combinations of catalysts and
catalytic masses using noble metals were proposed, for exam-
ple: Au, Pt and Pd bulk electrodes [5,6], palladium layers
on Pt(111) [7], Pt(111) and Pt(111) modified by a pseudo-
morphic Pd monolayer [8], Pt/C, AuPt/C and Au/C [9,10],
Pt, Ag and alloyed Pt—Ag [11], Pt nanoparticles immobi-
lized in mesoporous silica-coated magnetic nanocapsules
[12], Ru—Co-PEDOT nanocomposites [13], PANix—B/carbon

Composite; spinel; active carbon; carbon nanotubes.

nanotube-catalysed anode [14] and platinum/polypyrrole—
carbon electrocatalysts [15].

However, the use of expensive catalysts based on noble met-
als makes such a method to obtain clean energy unprofitable
and hinders the development in this direction. Therefore,
many scientists have proposed alternative catalysts that do
not contain noble metals, such as: Co3;04 hollow fibre
[16], bimetallic Co—Ni-based complex catalyst [17-19], Ni—
polymer nanogel hybrid particles [20], chitosan-mediated
Co—Ce—B nanoparticles [21], Co—B [22], Ni-Co-B hollow
nanospheres [23], salicylaldimine—Ni complex supported on
Al,O3 [24], Cu—Fe-B nanopowders [25], hydroxyapatite-
supported cobalt(0) nanoclusters [26] and many others.
Various composite catalytic masses and composites have
also been proposed: NaBH,—NH3;BH; composite promoted
by AICl; [27], MgH,-LiNH, [28], Co—Co0,B and Ni-Ni;B
[29], CoCl, on PAN [30], Mg-oxide composites [31], CoB
on Si0; [32], Co-B/glassy carbon and Co—B/graphite [33],
CuFe,04/RGO [34], Co@C [35], Co—W-P/carbon cloth [36],
cellulose-based hydrogel-nanometal composites [37], mag-
netically recyclable [38] and many others.

However, achieving the high catalytic activity of catalysts
without precious metals still failed. Therefore, the develop-
ment of new types of inexpensive catalysts with high catalytic
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activity in relation to the hydrolysis of sodium borohydride
remains a relevant scientific and practical task.

From this point of view, simple and complex transition
metal oxides with nanostructural characteristics deserve a
detailed and careful study because of their advantages of the
high surface-to-volume ratio and short path length for diffu-
sion in comparison with their bulky counterparts [39,40].

Spinels are complex transition metal oxides made up of
a regular combination of oxygen with the general formula
AB,O4. The most common type of cubic spinels contains
tetrahedral (A site) and octahedral (B site) crystalline sites;
the cations are distributed among tetrahedral and octahedral
sites for their comfortable fit. Their properties could be eas-
ily tuned by a suitable distribution of cations in the spinel
structure and/or spinels over the developed surface of porous
carriers [39-43].

It is known that the structure and properties of spinels, and
hence, the processes with their use, strongly depend on the
method by which they are obtained. Nanoscale NiCo,O4 has
been successfully synthesized by various methods including
sol—gel [40], hydrothermal [44], solid-state reaction [45], co-
precipitation [46], mechanochemical [47], rheological phase
reaction method [48], surfactant-assisted refluxing method
[42], combustion [49], pulsed wire discharge, arc plasma-
assisted gas phase synthesis method, microemulsion, electro-
spinning, thermolysis of mixed metal-oleate complexes and
sonochemical [50-55].

In the present study, we studied the catalytic activity of
cobaltite nickel spinel type not only in the pure form, but also
as a deposit on the surface of two different porous carriers
with a developed surface: activated carbon and multi-walled
carbon nanotubes (MWCNTSs).

For this purpose, pure spinel and its two composites with
active carbon and MWCNTs were synthesized by applying
a simple and cost-effective co-precipitation method. Their
structure and adsorption characteristics were investigated;
comparative study of their catalytic activities was carried out.

2. Experimental

A simple and cost-effective co-precipitation synthesis method
was used for the preparation of samples. During the first stage
of the synthesis, the saturated solutions of nickel and cobalt
hexahydrates (Ni(NO3),- 6H,O and Co(NO3),- 6H,0O) with
concentrations of 0.8 and 0.4 mol 17!, respectively, were pre-
pared to obtain a spinel of stoichiometric composition. Equal
volumes of the obtained solutions were mixed and the pH 12.4
was adjusted using sodium hydroxide. The resulting mixture
was stirred for 40 min and left for ageing for 7 days. The
obtained precipitate was filtered on a Buchner funnel, dried
in a drying cabinet for 1 h at 110°C, and then calcined in a
muffle furnace at 350°C for 3 h. Thus, a sample of NiCo,04
was obtained.

For the synthesis of spinel composites, the nitrate co-
precipitation method was used as described above. Active
carbon Norit SAE SUPER was added, while mixing the initial
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Table 1. Designation of samples.

Theoretical bulk

Samples Composition content, %
NiCoy04 NiCo0704 100
AC-NiCo0,04 Active carbon, 85
NiCoy04 15
MWCNT-NiCoyO4  Multi-walled carbon 85
nanotubes,
NiCoy04 15

solutions from the theoretical calculation of 15% mass con-
tent. The obtained composite was named as AC-NiCo0,0y.

The initial MWCNTSs were obtained by a CVD method
from acetylene at a temperature of 600°C and cleaned by
concentrated nitric acid while boiling for 1 h and subsequent
washing with distilled water [56]. MWCNTs were added
while mixing the initial solutions of hexahydrates from the
theoretical calculation of 15% mass content. This composite
was named as MWCNT-NiCo,0y.

Thus, three samples were obtained, the designation of
which is presented in table 1.

X-ray diffraction (XRD) patterns were recorded using an
X-ray powder diffractometer TTR3 Rigaku, Japan with CuKa
radiation (A = 15,406 A), 30 mA and 40 V. Thermogravimet-
ric (TG) analysis was performed on a NETZSCH TG 209F1.
A total of ~5 mg of material was heated from 25 to 1000°C
at the ramping rate of 10°C min~! under O, and N, mix gas
(1:4). Infrared spectra with Fourier transform were recorded
using a Nicolet Nexus 470 spectrometer. Parameters of the
instrument: operating range of 8000400 cm™' and resolu-
tion of 0.5 cm™!. The samples were compressed into tablets
with KBr (1-2% by weight). Scanning electron microscopy
(SEM) was performed on a SELMI at an accelerating voltage
of 10 keV.

The low-temperature adsorption—desorption isotherms of
nitrogen onto synthesized samples were obtained on a Quan-
tachrome Nova 1000e apparatus. To study the reliable pore
size distributions, both adsorption and desorption curves were
used by fitting the data for several well-known adsorption
models: Brunauer—-Emmett—Teller, Barrett—Joyner—Halenda,
Dollimore-Heal, Horvath—-Kawazoe and the density func-
tional theory.

The catalytic activity of the synthesized samples was inves-
tigated at atmospheric pressure and at a temperature of 60°C
by the volumetric method in a model of oxidation-reduction
liquid-phase heterogeneous catalytic reaction of sodium boro-
hydride decomposition (as a carrier of hydrogen, 10.6% by
weight): NaBHy + 2H,0 = 4H, + NaBO,.

3. Results and discussion

On the XRD pattern of pure NiCo,0Oy4 (figure la), all sig-
nificant peaks of nickel cobaltites in accordance with the
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Figure 1. XRD patterns and TG curves of (a) NiCo04; (b) AC-NiCo0204 and (¢) MWCNT-NiCo0,04.
Table 2. Lattice constants of NiCo,0Oy.
Samples a(A) b (A) c(A) a(®) B () y ©)
NiC0,04 8103 8103 8103 90,000 90,000 90,000
AC-NiCo0,04 8104 8104 8104 90,000 90,000 90,000
MWCNT-NiCo,04 8093 8093 8093 90,000 90,000 90,000

standard card were found and no peaks that would belong
to pure oxides or any other substances were observed. The
peaks on the XRD pattern of pure NiCo,O4 at 26 values
of 18.9; 31.1; 36.7; 38.4; 44.6; 59.0 and 65.0° (figure 1a) are
attributed to nickel cobalt oxide (111), (220), (311), (222),
(400), (511) and (440), respectively (ICDD 00-020-0781).

On XRD profiles of composite samples (figure 1b and c),
in addition to the peaks of nickel cobaltite, there are also
peaks related to carbon: 20 values at 26.6; 42.7 and 62.2°
are attributed to (005), (101) and (108), according to ICDD
0000-026-1077.

As seen in figure 1, TG curves indicate a content of ~2%
of the moisture and absorbed water in all the samples. They
also evidence the high thermal stability of pure spinel, and
also confirm the content of ~15% of NiCo0,0,4 in both the
composites.

Lattice constants of pure NiCo,O, confirming nanosized
crystallites, and cubic syngony of synthesized spinels are

presented in table 2. The composite with activated carbon
has the smallest crystallites, but the largest crystallites belong
to the composite based on MWCNTs.

Nickel dicobalt(III) oxide is an inverse spinel in which the
unit cell consists eight atoms in the NiCo,O4 molecule. Half
of the cobalt ions occupy the tetrahedron plot and the other
half of the ions occupy the octahedral plot. It can be repre-
sented by the formula (Co*") ,(Ni**Co*")5 0y, where A and
B represent the tetrahedral and octahedral sites, respectively.
The Ni—O and Co—O complexes in the octahedral position are
different from the Co—O complex in the tetrahedral position
due to the lower mass and lower charge of Ni’* ions than
the Co”* ion. Also, the cation—oxygen bond strength (cation—
oxygen force constant) varies spatially [57].

The tetrahedral sites of pure NiCo,O4 contain Co?T ions
coordinated by four 0>~ ions. For this sample, the absorption
band (figure 2a) corresponding to the tetrahedral complexes
(the first band), vy, which consists of four sub-bands: v;(1)
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Figure 2. FTIR spectra of (a) NiCo204; (b) AC-NiCo0204 and (¢) MWCNT-NiCo,0y4.

centred at ~650, v1(2) at ~637, v;(3) at ~623 and v(4) at
~616 cm™!, was detected.

If only the Co*" ions had been present at the octahedral
site, the octahedral band would have been single. However,
in the octahedral region, there are two shoulders: v, andv; as
shown in figure 2a. The splitting of this octahedral IR absorp-
tion band is due to the large difference in the reduced mass
of the octahedral (Ni** and Co?*) complexes. The octahedral
absorption band (v,) of the pure NiCo, 0y, like the tetrahedral
IR-absorption band, is also split into four sub-bands of Cot?:
V(1) at ~555cm™", 1,(2) at ~548 cm™!, 1> (3) at ~531 cm™!
and v,(4) at ~520 cm~'. The absorption band (figure 2) cor-
responding to the tetrahedral complexes of Ni** (v3)is:vi(1)
at ~449 cm~!, v3(2) at ~436 cm ™!, v3(3) at ~422 cm~! and
V3 (4) at ~412 cm™ L.

FTIR spectrum of the composite with the active carbon
also clearly shows three regions with a high intensity trans-
mittance (figure 2b) greater than that of pure spinel. The peak
of the tetrahedral complexes of Co®" ions at ~660 cm ™! looks
the clearest without sub-bands. The octahedral IR absorption
band of Co™? and the tetrahedral complexes of Ni** split into
sub-bands (figure 2b).

FTIR spectrum of the carbon nanotube composite does not
have a clearly defined region corresponding to the tetrahedral
and the octahedral complexes; however, among the multiple
weak peaks in the 400-700 cm~' range, sub-bands of Co™>
and Ni** can be recognized (figure 2c).

Figure 3 shows the SEM images of NiCo,O4 and its
composites and demonstrates the surface morphology of the
obtained samples. As shown in figure 3a, NiCo,04 has the
surface texture typical for spinels. Figure 3b and ¢ shows a
uniform distribution of the precipitated phase over the car-
rier’s surface. Particles of composites with active carbon
and MWCNTs are agglomerates with sizes of 10-20 and
7-20 pwm, respectively.

The determined structural adsorption characteristics of the
catalysts: specific surface area (Sgp, m? g~ 1), porosity (Ws,
cm? g_l), micropore volume (Whicro, cm? g~ 1) and micropore
radius (rmicro, NM) are presented in table 3. As can be seen
from table 3, all the synthesized samples have a surface area
and porosity that are sufficient for the flow of heterogeneous
catalytic processes.

The pure NiCo,O,4 has the lowest structural adsorption
characteristics that are typical for the condensed bimetallic
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Figure 3. SEM images of: (a) NiCoy0O4; (b) AC-NiC0204 and (¢) MWCNT-NiCo0,04.

Table 3. Structural adsorption characteristics of the obtained
catalysts.

S, sp Ws Whnicro Tmicro

Samples  (m2 g~ 1) (em? g~ 1) (cm® g1 (nm)

NiCo,04 90 0.26 0.03 0.7

AC- 850 1.2 0.30 0.8
NiCoy04

MWCNT- 240 2.2 0.09 1.6
NiCoy04

oxide phase. The composite with active carbon has a very
developed surface area, satisfactory porosity and micropores
with a diameter of 1.6 nm. The composite on the basis of
MWCNTs shows a good surface area and a well-developed
porosity. However, the micropore volume of 0.09 cm?® g~ is
only 4% of the total porosity for MWCNT-NiCo,0,, which
is completely insignificant, whereas the part of micropores
for AC-NiCo0,0y is 25%.

Figure 4 shows the results of catalytic experiments, which
illustrate the high catalytic activity of all the synthesized
samples. The hydrolysis of borohydride takes place less inten-
sively in the presence of a composite, MWCNT-NiCo,0y.
The hydrolysis of borohydride begins rapidly in the presence
of pure NiCo, Oy spinel, but the reaction rate is reduced after
200 s and the intensity of the process decreases significantly.

The half-transformation time (772, s) and reaction rate con-
stants (K, s~') were calculated for three tested samples to
quantify characterization and comparison of their catalytic
activities as shown in figures 5 and 6.

As can be seen from figures 5 and 6, the shortest half-
transformation time and the highest rate constant of the inves-
tigated reaction correspond to the composite AC—NiCo0,04,
i.e., to the catalyst with the largest surface area and micro-
porosity. Pure spinel, despite its weak structural adsorption
characteristics, shows a greater catalytic activity compared to
a carbon nanotube-based composite.

Thus, the high catalytic activity of nickel-cobalt spinel is
proved in the model reaction of hydrolysis of borohydride. In
the creation of spinel composites, active carbon shows itself
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Figure 6. Rate constants of NaBHy4 hydrolysis.

to be a more efficient carrier for the catalytically active mass
of spinel as compared to MWCNTs.

The obtained data confirm the possibility of using pure
NiCo,04 and the composites with their participation in
electrochemical energy storage/conversion systems due to
their high catalytic activity, the simplicity of the synthesis
method and economic efficiency in comparison with conven-
tional platinum group metal-based systems.

Bull. Mater. Sci. (2019) 42:172

4. Conclusion

The obtained experimental results are consistent with the
known data about the effect of the structure adsorption char-
acteristics of materials on their catalytic activity in heteroge-
neous catalytic processes. The current research demonstrates
that nickel—cobalt spinel and its composites with active carbon
and MWCNTs are effective catalysts for hydrogen evolution
reactions; however, the developed surface area and porosity
are necessary, but insufficient for the effective course of this
heterogeneous catalytic process. On the basis of active car-
bon, the composite is more catalytically active as compared
to the MWCNTs-based composite, not only due to its higher
surface area, but also its developed microporosity.
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