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Abstract: The solid-state combustion method was used to prepare nickel-based catalysts for CO,
hydrogenation from [Ni(C3H4N»)s](NO3), and [Ni(C3HsN3)61(ClO4),. These complexes were syn-
thesized by adding nickel nitrate and perchlorate to melted imidazole. The composition and structure
of the obtained complexes was confirmed by ATR FTIR, powder XRD, and elemental analysis. The
stages of thermal decomposition of the complexes and their kinetic parameters were established.
It was found that incomplete gasification of more thermostable Ni(C3H4N>7)s](ClO4); led to the
formation of carbon, nitrogen, and chlorine impurities. According to powder XRD and XPS, the solid
products of gasification of both complexes consist of NiO and Ni® covered with nickel hydroxide
and/or a carbonate layer. In the case of the sample prepared from [Ni(C3H4Nj3)s](ClOy),, this layer
was pronounced. Therefore, it limits the nickel reduction in the reaction medium of CO, hydro-
genation, even at 450 °C. The surface of the sample prepared from [Ni(C3H4N3)6](NO3), contains
nickel oxide, which is easily reduced. So, the catalyst active phase is already formed at 250 °C
in the presence of CO, and efficiently catalyzes CO, hydrogenation as the temperature increases.
Therefore, [Ni(C3H4N2)s](NO3); is a promising precursor for the CO, hydrogenation catalyst, and
its solvent-free synthesis follows Green Chemistry principles.

Keywords: solvent-free synthesis; solid-state combustion; nickel; nanoparticle; catalyst; CO, metha-
nation

1. Introduction

Global warming on Earth accelerates with the growth of the concentration of green-
house gases in the atmosphere, such as carbon dioxide (CO;). Adsorption of CO; and its
subsequent utilization is one of the solutions to this issue [1,2]. One of the promising ways
of recycling CO; is its hydrogenation to methane, also known as CO, methanation:

CO, +4H, +» CHy + 2H,0O AH= —165 kJ/mol 1)

This approach simultaneously solves the task of chemical hydrogen storage [3-5],
allows the production of biogas with a higher methane content [6,7], and can be used to
remove carbon oxides (CO and CO,) from hydrogen-rich gas mixtures [8].

According to the thermodynamic calculations [9], the hydrogenation of CO; to methane
with a high selectivity at atmospheric pressure in a stoichiometric reaction mixture is possi-
ble only in the temperature range below 400 °C. At higher temperatures, the reduction of
CO, to CO is observed.

CO, + H, <+ CO + H,O AH =42 kJ/mol @)

Catalysts 2022, 12, 1274. https:/ /doi.org/10.3390/ catal12101274

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal12101274
https://doi.org/10.3390/catal12101274
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-2323-7372
https://orcid.org/0000-0001-5944-2629
https://orcid.org/0000-0002-4747-6714
https://orcid.org/0000-0002-4071-2016
https://doi.org/10.3390/catal12101274
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12101274?type=check_update&version=2

Catalysts 2022, 12, 1274

20f19

At temperatures below 400 °C, this process cannot be carried out without catalysts due
to the high energy barrier of carbon reduction [10]. Platinum group metals, Ru, Rh, and Pd,
show the greatest catalytic activity in the hydrogenation of CO, due to their excellent ability
to dissociatively adsorb hydrogen, but other transition metals can be used as catalysts as
well [3,11-13]. Nickel exhibits a lesser catalytic activity in this process, but due to its low
cost, nickel catalysts are widely used in the industry [14,15]. Traditionally, their preparation
involves the energy-consuming calcination of the nickel precursor [16]. As a result, nickel
oxide is formed, which is reduced to metal in a stream of pure hydrogen immediately
before the hydrogenation of CO;. It is possible to combine the stages of formation of nickel
oxide and its reduction to metal in the self-propagating high-temperature synthesis (SHS)
using nickel complex compounds as precursors of the active component [17-21]. In the
literature [22], this type of SHS is called the solid-state combustion (SSC) method because it
involves the high-temperature gasification of solid energy-rich composition. Most often,
it is a mixture of nickel nitrate with organic compounds. Since Ni is the active phase of
the catalysts in the CO, hydrogenation, it is important to use the combustion preparation
methods by which the Ni/NiO ratio in the condensed products may be varied. It was
noted that nickel oxide is formed during the thermolysis of nickel nitrate [23], but the
addition of organic compound (glycine) leads to the reduction of part of nickel ions to the
metallic state [24]. In excess of the organic component, the predominant formation of the
metal phase is observed [25-30]. It was shown that the thermolysis of nickel complexes
with aminoguanidine and semicarbazide also leads to the formation of metallic nickel with
an insignificant impurity of nickel oxide [31]. According to [32], the reduction of nickel
oxide occurs due to its interaction with ammonia released during the decomposition of
nitrogen-containing organic compounds, as, e.g., in the case of glycine [33].

4C,H5NO, — 6H,0 + 2NHj + 6C + 2(CHNO) AH = —288 k] /mol )

2NHj; + 5NiO — 5Ni + 3H,0 + 2NO @)

Therefore, it is preferable to use of nitrogen-containing molecules as ligands [29,32,34,35].
If the oxygen- or sulfur-containing compounds are used as organic ligands, then nickel
oxide [36,37] or nickel sulfide [38] are formed, respectively. Therefore, the use of these
compounds as CO, hydrogenation catalysts requires additional reduction with hydrogen.

It should be noted that the aforementioned nickel-containing complexes were obtained
using solvents that should be disposed of. It is possible to minimize the ecological impact on
the environment through the use of solvent-free methods for the preparation of complexes,
which corresponds to the modern concepts of the development of the chemical industry. In
this work, we propose a new approach to the synthesis of nickel nitrogen-rich complexes
by reacting a nickel salt with melted imidazole, which is thermally stable upon melting [39]
and easily forms complex compounds with transition metals. In addition, imidazole is a
nitrogen-containing compound, and its decomposition products (ammonia) can reduce
nickel cations to a metallic state. Nickel-containing catalysts were obtained from the
prepared complexes, which were tested in CO, hydrogenation after activation directly in
the reaction mixture.

The goals of this work were:

v To investigate the structure of nickel-containing complexes obtained in the reaction of
nickel nitrate and perchlorate with melted imidazole;

v To study the thermochemical properties of the synthesized nickel-containing com-
plexes;

v To test the solid products obtained by the SSC method from the synthesized nickel-
containing complexes in CO, hydrogenation to methane.
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2. Results and Discussion
2.1. Synthesis of Nickel Complexes by Melting

Nickel-containing imidazole complexes hexa(imidazole)nickel(Il) nitrate [Ni(C3H4N3)s]
(NO3)2, and hexa(imidazole)nickel(II) perchlorate [Ni(C3H4N2)6](ClO4), were synthesized
as precursors of nickel CO, hydrogenation catalysts. They were prepared without the use
of solvents, which significantly reduces the preparation time due to the absence of the stage
of separating the complexes from solutions and also does not require the further disposal
of the solvents. The complexes were synthesized in melted imidazole with nickel nitrate
and perchlorate hydrates (Figure 1). Elemental analysis of the samples (Table 1) showed
that the resulting compounds contained six imidazole molecules each.

(b) (0)

\

Figure 1. Synthesis of hexa(imidazole)nickel(II) nitrate by adding nickel nitrate to melted imidazole:
(a) initial mixture; (b) 1 min; (c) 3 min.

Table 1. Characteristics of the synthesized nickel complexes.

Complex, Composition, % Oxygen
Molar Mass Calculated Found Gross Formula Balance, %
Ni—9.9 Ni—9.6
Ni(C3HsNp)s(NO3),  C—36.6 C—357
NiC1gH4N140¢ H—4.1 H—4.0 NiCqg3Ho4 N142«O»y —116
591 g/mol N—33.2 N—324
0—162  Other («O») 1—18.3
Ni—8.8 Ni—8.7
. C—325 C—32.3
Ni(CsHaN2J6(ClOg)a 3 o' H—35
NiC1gH4N1,Cl,Og ) ) NiCig3H237N124Clr«O»g, —96
666 ¢ /mol N—25.2 N—25.6
& Cl—10.7 Cl—105

0—19.2  Other («O») 1—19.4

1 Supposedly oxygen.

The synthesized complexes were studied by the ATR FTIR spectroscopy method
(Figure 2). It can be seen from the ATR FTIR spectra that no structural rearrangements
of the imidazole heterocyclic ring occur when imidazole and nickel salts react, but the
absorption band of stretching vibrations v(N-H) increases in intensity and slightly shifts to
the high-frequency region (from 3126 to 3140 cm ! and 3156 cm ™! for [Ni(C3H4N7)s](NO3),
and [Ni(C3H4N3)6l(ClOy),, respectively). The metal cation is coordinated by the lone pair
of electrons of the pyridine nitrogen atom, breaking the hydrogen bonds between imidazole
molecules. In this case, the N-H group becomes more isolated and the distance between
atoms shortens. As a result, the absorption bands of stretching vibrations v(N-H) are
shifted to the high-frequency region. In addition, the obtained compounds do not contain
water (Figure 2), since there are no absorption bands near 1600 cm !, related to the bending
vibrations of the water molecules 6(H,0O).
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Figure 2. ATR FTIR spectra for synthesized (a) [Ni(C3H4N3)g](NO3), and (b) [Ni(C3H4N3)g](ClO4),
complexes (*—deformation vibration of the ring).

The more conclusive evidence of the formation of nickel-containing imidazole com-
plexes during the reaction of nickel salts with melted imidazole was obtained by powder
XRD. Thus, the diffraction patterns of the synthesized compounds correspond to the
database cards of complexes [Ni(C3HsN3)](NO3); and [Ni(C3H4N2)](ClO4), (Figure 3).

[Ni(C,H,N.)](NO,), [Ni(C,H,N,).I(CI0),
3
©
2
7}
&
2
= LA}ULV\A_J\_/\«J\_/\M/\MM_WW
Solvent-free synthesis l Solvent-free synthesis
PDF card: 21-1785 or CCDC-1180140 CCDC-1176420
T T T T 1 T T 1

i

T T T T T T

25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
20,° 20,°
(a) (b)

Figure 3. Powder XRD data for synthesized (a) [Ni(C3H4N3)s](NO3), [40] and (b) [Ni(C3H4N>)s]
(ClOy); [41] complexes.

Thus, a simple energy- and resource-saving solvent-free approach was proposed
for the synthesis of nickel-containing imidazole complexes [Ni(C3H4N»)s](NO3), and
[Ni(C3H4N2)6](ClO4)2, which were used as catalyst precursors for CO; hydrogenation.

2.2. Thermochemical Properties of the Synthesized Nickel Complexes

The synthesis of catalysts by the SSC method involves the high-temperature decom-
position of precursors with the release of a large volume of gases, which ensures a highly
dispersed state of the resulting solid product. The thermal analysis data (Figure 4) showed
that the thermal decomposition of the synthesized complexes in air begins at 200 °C and
has three main stages. The first stage (200-250 °C) is characterized by an endothermic effect
and a weight loss of 20 and 18 % for [Ni(C3H4N3)6](NO3), and [Ni(C3H4N»)s1(ClOy)s,
respectively. During the second stage (250-300 °C), releasing a large amount of heat and
the mass changes by 25% for [Ni(C3H4N3)](NO3), and 27 % for [Ni(CsH4N»)g](ClOy); are
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observed. An exothermic effect is also observed in the third stage at temperatures above
300 °C, but for [Ni(C3H4N3)6](ClOy),, it is low-temperature and not a pronounced stage.
The total mass loss of [Ni(C3H4N>)6](NO3), and [Ni(C3H4N»)g](ClOy), in air was 86 % and
56 %, respectively.

Decomposition rate, s

424 424
420 420
418 8 418 8
o o
112S 112S
48 48
44 44
40 40
T T T T -10 0 T T T T -10
100 200 300 400 500 100 200 300 400 500
Temperature, °C Temperature, °C
(a) (b)

0.0025

Figure 4. Thermal analysis data for (a) [Ni(C3H4N3)s](NO3); and (b) [Ni(C3H4N>3)s](ClO4), com-
plexes prepared by melting-assisted solvent-free synthesis (I, II, Ill—thermolysis stages). The heating
rate in air is 5 °C/min.

According to [42], the first stage of the thermal decomposition of nickel-containing
imidazole complexes is an endothermic partial loss of imidazole with its subsequent
sublimation. At the second stage, an exothermic redox interaction occurs between imidazole
as organic ligand and anions. The third stage can be assigned to the decomposition of the
products of incomplete thermolysis of the organic ligand.

The thermal decomposition kinetics of [Ni(C3H4N3)s]J(NO3), and [Ni(C3H4N3)6](ClO4),
complexes were analyzed by the Coats—Redfern method using both traditional linear fitting
and the genetic algorithm to find kinetic parameters [43—45]. Figure 5 shows that the second
approach more accurately describes the first two stages of decomposition of complexes
based on the first-order kinetics, since the obtained coefficients of determination R? are
higher than 0.999.

0.0025+

—a— Experimental —a— Experimental
The Coats-Redfern method The Coats-Redfern method
Linear fitting Linear fitting
0.0020 - Genetic algorithm 0.00204 Genetic algorithm
"0
)
0.0015 4 % 0.0015
<
c
2
=
0.0010 g
.0010 4 2 0.0010-
E
o
o
@
0.0005 - Q 0.0005-
0.0000 T T T T T 1 .0000 T T T T T T
180 200 220 240 260 280 300 200 220 240 260 280 300
Temperature, °C Temperature, °C
(a) (b)

Figure 5. Modelling the thermal decomposition of (a) [Ni(C3H4N3)s](NO3), and (b) [Ni(C3HsN3)s]
(ClOy); complexes using the Coats—Redfern method. The heating rate in air is 5 °C/min.
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As a result of the analysis of the thermal decomposition kinetics by the Coats—Redfern
method, the activation energies of the first two stages of decomposition of [Ni(CzH4Njy)s]
(NOs3), and [Ni(C3H4N»)6](ClO4), complexes were determined (Table 2).

Table 2. Kinetic parameters of thermal decomposition of [Ni(C3H4N3)](NO3), and [Ni(C3H4N3)e]
(ClO4), complexes acquired using the Coats—Redfern method.

Complex P ¢ Linear Fitting Genetic Algorithm
P arameter Stage I Stage II Stage I Stage II
. E, k] /mol 124 284 117 354
Ni(C3H4N2)6(NO3)2 {8 0.9923 0.9912 0.9995
. E, k] /mol 170 255 177 253
Ni(C3HyN2)6(ClO4)> {{2 0.9979 0.9872 0.9999

The resulting data shows that 117 k] /mol is required to overcome the energy barrier
for the elimination of two imidazole molecules from the complex in the case of the nitrate
complex, and 177 kJ/mol in the case of the perchlorate complex. This suggests that
imidazole-metal bond in the [Ni(C3H4N>)s](ClO4), complex is stronger.

The second stage of decomposition of the [Ni(C3H4N>3)s](NO3), and [Ni(CsHaN3)e]
(ClOy4),2 complexes is characterized by a significantly higher energy barrier. Thus, the
activation energy of the oxidation of imidazole by the nitrate anion is 354 kJ/mol, but
the interaction of the perchlorate anion with imidazole has a lower value of 253 kJ/mol
and occurs at a high rate almost simultaneously with the first stage. In addition, for the
perchlorate-containing complex, significantly more heat is released in the second stage of
decomposition than in the case of [Ni(C3H4N3)s](NO3), complex (Figure 4).

The activation energy values (E) obtained by the Coats—Redfern method (genetic algo-
rithm) were used to estimate the critical temperature of thermal explosion for [Ni(C3H4N3)e]
(NO3), and [Ni(C3H4N»2)(ClOy4), complexes, which characterized their thermal stability
and safety. For these calculations, DSC data from different heating rates of the complexes
in air was obtained (Figure S1). As known, the critical temperature of thermal explosion
(Tp) may be calculated using the Tonglai formula [46]:

E — \/E? — 4ERT,
T, = 0 6)

N 2R

where R is the molar gas constant and T} is the onset temperature at the heating rate of 0
K/min obtained by linear regression.

As the activation energy values depend on the applied method of kinetic analysis
of thermogravimetric data the other calculation was also carried out using the Xue for-
mula [47], in which there is no dependence on the activation energy:

Ty =To+ 57— (fnTe T (6)
where T is the is the onset temperature at the heating rate of 0 K/min, T, is the onset
temperature, and S is the heating rate. The obtained results are summarized in Table 3.

The critical temperatures of thermal explosion for Ni(CsH4N>7)6](INO3), and [Ni(C3HaN3)g]
(ClO4), complexes obtained by the two methods are close. Their differences do not ex-
ceed 10 °C, which indicates that the used method of kinetic analysis was correct. As
a result, it was shown that the self-propagating process of thermal decomposition of
[Ni(C3H4N»)6(NO3), starts at 242 4+ 3 °C and [Ni(C3H4N»)g](ClO4), starts at 254 + 5 °C.
Thus, the synthesized complexes are thermally stable in air, and the thermal decomposition
with the release of gaseous products occurs only after reaching a temperature above 230 °C
(Figure 4).
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Table 3. The critical temperature of thermal explosion for [Ni(C3H4N3)](NO3), and [Ni(C3H4N3)e]
(ClO4); complexes.

Complex B;, K/min Te, °C Ty, °C ) 1oC E, kJ/mol Ty 1, °C Ty 2, °C

25 238.5

5 244.6
10 266.4
20 287.4

25 259.2

5 268.3
10 283.6
20 302.7

[Ni(C3H4N3)6](NO3), 239 24 354 245 239

[Ni(C3H4N3)6](ClOy), 249 21 250 259 249

! Tonglai formula; 2 Xue formula.

2.3. Thermal Decomposition Mechanism of the Synthesized Nickel Complexes at the High
Heating Rates

One of the modern methods for studying the kinetics of thermal decomposition
of high-energy material is the analysis of evolved gases by dynamic mass spectrome-
try [48]. The high sensitivity and instantaneous response of the mass spectrometer make
it possible to describe the kinetics of thermal decomposition under conditions of high
heating rate (experiment duration is 2 s), which is close to real SSC conditions. In this
work, the main gaseous products of the thermal decomposition of [Ni(C3H4N)s](NO3),
and [Ni(C3H4N)s](ClOy4), complexes were identified by this method (Figure 6). It was
noted that the composition of the gas and the dynamics of the release of individual prod-
ucts depended on the composition of the complex. Thus, the decomposition products of
[Ni(C3H4N32)6](NOs3), complex contain imidazole (m/z = 68), oxygen (m/z = 32), nitrogen
oxides—NO (m/z = 30) and NO, (m/z = 46), hydrogen cyanide (m/z = 27), carbon dioxide
(m/z =44), and nitrogen and / or carbon monoxide (1/z = 28). In the gaseous decomposition
products of [Ni(C3H4N3)6](ClO4),, hydrogen chloride (m/z = 36) was identified instead of
nitrogen oxides due to the different nature of the anion.

| ——midazole | —=—Imidazole
—+—HCN High-temperature —+—HCN

61 —e—N,+CO stage (2) 64 ——N,+CO 3
co, €O, (*0.05) High-temperature
54 —e—HCI (*0.25) stage (2)
— c)2

el

5] ——NO
——NO, (*0.25)
] ==—0;

el

Low-temperature
stage (1)

Low-temperature
Tistage (1)

Gas evolution rate, s
w
Gas evolution rate, s

T T T T e o T L T T T T T T
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Temperature, °C Temperature, °C

(a) (b)

Figure 6. Mass spectrometry of gas released during the thermal decomposition of (a) [Ni(C3HsN3)s]
(NO3), and (b) [Ni(C3H4N3)](ClO4); complexes. The heating rate in air is above 100 °C/s (*0.05
and *0.25—correlation coefficients).

The experimental results were processed using a genetic algorithm to find the kinetic
parameters. Since the heating rate could not be maintained constant under the condi-
tions of the highly exothermal decomposition, the comparison function was based on the
Arrhenius equation. In this case, the integration was performed numerically under the
assumption that the temperature changed uniformly between the experimental points. The
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activation energy values obtained for some gaseous products of thermal decomposition of
[Ni(C3H4N2)6](NO3), and [Ni(C3H4N>»)6](ClO4), complexes are given in Table 4.

Table 4. The kinetic parameters of decomposition of the synthesized nickel complexes at the high
heating rates.

Average Gas Obtained Value
Complex Heating Rate, (Mass Spectrometer Parameter Low-Temperature High-Temperature
°Cls Signal, m/z) Stage (1) Stage (2)
. E, kJ/mol 84 119
Imidazole (68) R2 0.9996
HCN (27) & k{{/zmd = 0.9992 =
Ni(C3H,N,)6[(NO '
[Ni(C3H4N3)](NO3), 245 N, +CO (28) E, kJ/mol 136 63
2 R2 0.9999
E, kJ/mol 99 -
0, (32) R2 0.9930
. E, kJ/mol 104 264
Imidazole (68) R2 0.9951
HCN (27) & k{{/zm()l . 0.9973 ”
[Ni(CsHiN2)6l(ClOy), 120 E, 1J/mol 246 ' 339
Nj + CO (28) /K /mo
2 R? 0.9938
E, k] /mol - 235
0, (32) R2 0.9912

Compared with the results of dynamic mass spectral analysis and thermal analysis, we
can conclude that the mass loss at the first stage of decomposition of the studied complexes
is associated with the successive release of two imidazole molecules. It was found that the
activation energy for the removal of the first molecule (Stage 1) is much lower than that of
the second (Stage 2), regardless of the composition of the complex. However, imidazole is
more easily removed from the nitrate complex than from the perchlorate complex.

From Figure 6, it can be seen that simultaneously with the removal of imidazole
molecules from the complex, the following processes are observed: (I) the thermolysis
of imidazole with the formation of hydrogen cyanide and (II) the redox interaction of
imidazole with anions, which results in the formation of carbon and nitrogen oxides. In
addition, the presence of oxygen in the gaseous reaction products confirms the decomposi-
tion of anions, accompanied by the release of nitrogen oxides and hydrogen chloride in
the case of [Ni(C3H4N3)6](NO3), and [Ni(C3H4N2)s](ClO4), complexes, respectively. All
this significantly complicates the description of the kinetics of the decomposition of the
complexes, especially in the case of the second stage. Moreover, the rate of these processes
depends on the temperature, and on the curves for the release of gaseous products of the
thermal decomposition of the complexes, low-temperature (Stage I) and high-temperature
(Stage II) regions can be identified. The activation energies determined for these steps
(Table 4) indicate higher thermal stability of the [Ni(C3H4N3)s](ClO4)2 complex in com-
parison to the [Ni(C3H4N>»)s](NOs3), complex. This is also consistent with the stability of
the perchlorate anion, since its decomposition is observed only in the high-temperature
region (Figure 6), and the activation energy value of oxygen evolution is two times higher
than that of the nitrate anion. Analyzing the kinetics of oxygen evolution, it should be
noted that the obtained values of activation energy are close to the activation energy for the
decomposition of nickel nitrate (84 £ 3 kJ/mol) and perchlorate (210 £ 5 k] /mol) given
in [49,50].

Thus, using complementary methods of dynamic mass spectral analysis and thermal
analysis, the thermal decomposition of [Ni(C3H4N3)s](NO3); and [Ni(C3H4N3)6](ClO4),
complexes was studied. It was shown that the complexes decomposition begins with the
successive removal of two imidazole molecules. Simultaneously, the second stage proceeds,
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which includes the redox interaction of imidazole with anions, the thermolysis of imidazole,
and the decomposition of anions with the release of oxygen.

2.4. Study of Solid Products Obtained by SSC from Ni(C3H4N;)s1(NO3), and
[Ni(C3H4N3)s1(ClOy4), Complexes

The aim of gasification of imidazole-containing nickel complexes by the SSC method
is to produce solid products. Their highly dispersed state is ensured due to intensive gas
evolution. In our work, Ni/NiO-NO;-5SC and Ni/NiO-ClO4-SSC samples were obtained
from [Ni(C3H4N3)6](NO3), and [Ni(C3H4N»)6](ClOy4), complexes, respectively. The phase
composition of solid products of the combustion of complexes was studied by powder
XRD. It was shown that the Ni/NiO-NO3-55C and Ni/NiO-ClO4-5SC samples contain two
phases (Figure 7): metallic nickel—Ni? (PDF 04-0850) and its oxide—NiO (PDF 47-1049).
Nickel oxide is the main phase (Table 5), but its content is lower in the sample obtained
from the nitrate complex.

200!
111: NiO :111
NiOI Ni
1
|

200 220!

' Ni NiO

I
I
1
1
1
1
1
I
I
1
|

Ni/NiO-NO,-SSC : :u J:&
| | 1 '
| 1 1
| 1 1

|
Ni/NiO-ClO-SSC ek *
o

Intensity, a.u.

T v T v T v T v T v T
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Figure 7. X-ray powder diffraction for Ni/NiO-NO3-SSC and Ni/NiO-ClO4-SSC.

Table 5. Powder XRD data for the solid products of [Ni(C3H4N3)s](NO3), and [Ni(CsH4N3)61(ClO4);
combustion.

o SCR Size from

Sample Phase Content, wt% Lvol-IB/Lvol-FWHM, nm
s NiO 80 20+1/26 £1
Ni/NiO-NO3-55C Ni 20 504+ 5/74+7
s NiO 85 20+£1/28+2
Ni/NiO-ClO4-SSC Ni 15 2446/33+8

The CSR width was used to determine the size of crystallites for each phase (Table 5)
contained in the decomposition products of [Ni(C3H4N3)s](NO3), and [Ni(C3H4N»)](ClO4)2
complexes. The size of nickel oxide crystallites is the same for Ni/NiO-NO3-SSC and
Ni/NiO-ClO4-SSC. Metallic nickel obtained from the perchlorate complex is more dis-
persed, since its CSR is two times lower than that of Ni/NiO-NO3-SSC.

It should be noted that the reduced form of nickel is absent on the surface of Ni/NiO-
NO3-55C and Ni/NiO-ClO4-SSC according to the XPS data (Figure 8a). So, the peak
at 853 eV in the Ni2p;,, XPS spectra corresponding to Ni® [51] was not found. Under
SSC conditions, oxygen in the air probably interacts with the surface of the formed metal
particles, oxidizing them to NiO [52] and Ni(OH); [53]. Moreover, the Ni2p3,, peak with a
binding energy of 855.8 eV can be attributed not only to nickel hydroxide, but also to nickel
carbonate [54] formed due to the reaction between the generated gases and the obtained
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Intensity, cps

nickel-containing phases. Apparently, these compounds are amorphous, since they were
not detected by powder XRD (Figure 7).
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Figure 8. (a) XPS and (b) ATR FTIR spectra for Ni/NiO-NO3-SSC and Ni/NiO-ClO4-SSC samples.
In addition to this, the analysis of the XPS survey spectra (Figure S2) shows that not
only nickel and oxygen, but also impurities of carbon and nitrogen are present on the
surface of Ni/NiO-NOj3-S5C and Ni/NiO-ClO4-SSC (Table 6). Despite the greater value

of the oxygen balance (Table 1), their content is higher in the sample obtained from the
perchlorate complex. Furthermore, it contains more than 8 at.% chlorine.

Table 6. XPS data for the solid products of [Ni(C3H4N3)](NO3), and [Ni(C3H4N3)](ClOy4); com-

bustion.
Sample Content, at.% !
P Ni o) C N cl
Ni/NiO-NO3-SSC 24.6 37.1 35.8 25 -
Ni/NiO-ClO4-SSC 7.5 14.3 56.6 13.2 8.3

! Atomic percentages.

The higher content of impurities in Ni/NiO-ClO4-SSC is also confirmed by ATR FTIR
spectroscopy, since it is characterized by intense structureless absorption, reaching the
highest values in the regions of 1100-1600 cm ! and 600-800 cm ! (Figure 8b). Taking
into account the elemental composition of impurities (Table 6) and thermal stability of the
[Ni(C3H4N3)6](ClOy), complex (Tables 2 and 3), absorption in the region of 1100-1600 cm !
can be attributed to the vibrations of -C-C- and -C-N- bonds with carbon atoms in sp®
hybridization and the stretching vibrations of double bonds -C=C- and -C=N- with carbon
atoms in sp? hybridization, according to [55,56]. Structureless absorption in the region
of 600-800 cm ! corresponds to bending vibrations of C-H and N-H groups, including
those in heterocyclic compounds [57]. Thus, on the surface of Ni/NiO-ClO4-SSC there
are products of incomplete decomposition of imidazole. These include amorphous carbon
or carbon nitride, which are characterized by structureless absorption in the regions of
1100-1600 cm ! and 600-800 cm ! [58]. However, the presence of nickel carbonate in the
sample is not excluded, since the absorption bands of stretching vibrations of the COs
group are also in the region of 1400-1500 cm ! [59,60].

Summing up the study of the solid products obtained by the combustion of [Ni(C3H4N»)s]
(NO3), and [Ni(C3H4N>7)s](ClO4), complexes, it can be concluded that the [Ni(CsH4Nj3)g]
(NOs3), complex provides samples with a lower content of impurities. Its surface contains
three times more nickel in oxidized form compared to Ni/NiO-ClO4-SSC (Table 6). The
probable cause may be coverage of the nickel-containing phase by the products of incom-
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plete decomposition of the [Ni(C3H4N32)](ClO4); complex, which is more thermally stable
than the [Ni(C3H4N>)s](NO3), complex (Figure 4).

2.5. Testing the Solid Products of Nickel Complexes Decomposition in the CO, Hydrogenation

The catalytic properties of the Ni/NiO-NO3-SSC and Ni/NiO-ClO4-SSC samples
prepared by SSC from the [Ni(C3H4N2)s](NO3); and [Ni(C3H4N3)6](ClO4); complexes
were investigated in the CO, hydrogenation to methane. Traditionally, the catalysts are
activated at 400-500 °C in a pure hydrogen flow to reduce the active component to the
metallic state Ni¥ [61-63], which catalyzes the carbon dioxide-hydrogen interaction [64].
The absence of this standard step is a distinctive feature of our work. The Ni/NiO-NO3-55C
and Ni/NiO-ClO4-SSC was activated in the flow of the reaction mixture (Hy:CO,:Ar =
16:4:80), which is more efficient from a practical point of view. The reduction of the samples
was monitored by FTIR spectroscopy of the gas phase at the outlet of the reactor. The
appearance of the absorption bands in the 2900-3000 cm ! range, corresponding to the
stretching vibrations of the C-H bonds in the methane molecule [65] indicates the beginning
of catalyst activation.

When testing the Ni/NiO-NO3-55C and Ni/NiO-ClO4-5SC samples, the temperature
in the reactor was increased from 25 to 450 °C. It was noted that in the presence of Ni/NiO-
NO3-5SC methane began to form at 250 °C, and its contribution to gaseous products
increased significantly at higher temperatures (Figure 9a). In the case of Ni-ClO4-55C, the
absorption bands of methane were detected only at 350 °C (Figure 9b), and their amount
changed little with increasing the temperature up to 450 °C. This is due to significantly
lower CO; conversion compared to the Ni/NiO-NO3-SSC sample (Figure 10).

Ni/NiO-NO,-SSC
CH,
3
LA
2
7]
c A
[ i} Lk
= Y
£ e
3200 3000 2800 2600 2400 2200 2000
Wavenumber, cm™
(a)

Ni/NiO-CIO,-SSC
;ﬁ‘ CH,
2
7]
c
¥
£
3200 3000 2800 2600 2400 2200 2000

Wavenumber, cm’
(b)

Figure 9. FTIR spectra of gases at the outlet of the reactor during the activation of (a) Ni/NiO-
NO3-SSC and (b) Ni/NiO-ClO4-SSC at different temperatures in the reaction medium. Activation
conditions: volume ratio is Hy:CO,:Ar = 16:4:80, hourly mass feed flow rate is 19,000 cmd- gcafl L
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Figure 10. CO, conversion during the activation of Ni/NiO-NO3-SSC and Ni/NiO-ClO4-SSC at
different temperatures in the reaction medium (H:CO,:Ar = 16:4:80).

To determine the reason for such a large difference in activation temperatures, the
activated Ni/NiO-NO3-SSC and Ni/NiO-ClO4-SSC samples were studied by the XPS
method. From Figure 11, it can be seen that both catalysts contain the reduced form
of nickel on the surface after activation at 450 °C. Deconvolution of the Ni2pj3,, peak
revealed that the Ni’ /Ni?* molar ratio for Ni/NiO-NO;-SSC is 0.65, but it is only 0.2 for

Ni/NiO-ClO4-SSC.

Ni/NiO-NO _-SSC

Ni”* satelite

Ni** satelite
Ni/NiO-CIO,-SSC
Ni2p,,

Intensity, cps

Ni2p,,

850 sf'so 8;0 s:‘io
Binding energy, eV

Figure 11. Deconvoluted XPS spectra of Ni/NiO-NOj3-SSC and Ni/NiO-ClO4-SSC samples after
activation at 450 °C in the reaction medium (H,:CO,:Ar = 16:4:80).

Such an insignificant reduction of nickel at 450 °C in the case of Ni/NiO-ClO4-SSC
can be attributed to two reasons. First, impurities on the Ni/NiO-ClO4-5SC surface can
prevent the access of hydrogen to the nickel-containing phase. Secondly, the reduction of
nickel hydroxide occurs in a higher temperature range [66]:

NiO + H, — Ni + H,O 250400 °C (7)

Ni(OH), + H, — Ni + 2H,0O 350-600 °C )

Thus, it is more preferable to use the [Ni(C3H4N7)s](NO3), complex as the precursor
of the active phase of the CO, hydrogenation catalyst. In addition, the Ni/NiO-NO3-55C
catalyst from this complex is activated at a lower temperature in the presence of CO, than

the industrial NIAP-07-01 catalyst [67].
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3. Experimental Details
3.1. Materials

For the synthesis of nickel complexes, the following reagents were used: Ni(NOs),-6H,O
(GOST 4055-70, 98%); Ni(ClO4),-6H,0 (TU 6-09-02-118-86, 98%); imidazole—C3H4N, (CAS
288-32-4, 99%).

3.2. Complex Synthesis

[Ni(C3H4N>)6](NO3); In order to synthesize the complex compound, nickel (II) nitrate
(0.01 mol) was added to melted imidazole (0.06 mol) at 90 °C and stirred. The reaction
mixture became purple and then quickly crystallized as a powder with a yield of 97%.
After that, the sample was stored in a desiccator over P;Os.

[Ni(C3H4N2)6](ClO4); In order to synthesize the complex compound, nickel (II) per-
chlorate (0.01 mol) was added to melted imidazole (0.06 mol) at 90 °C and stirred. The
reaction mixture became cornflower-colored and then quickly crystallized as a powder
with a yield of 95%. After that, the sample was stored in a desiccator over P,Os.

3.3. Synthesis of Nickel Catalysts by Solid-State Combustion Method

In order to synthesize nickel catalysts, powders of complexes were placed in a corun-
dum crucible and preheated on the IKA-C-Mag HS4 hot plate (IKA, Konigswinter, Ger-
many) with the heating temperature set to 500 °C. The samples melted followed by sponta-
neous gasification within a few minutes, leaving black powder in the crucible. The powder
was granulated, and a fraction with the particle size of 0.25-0.5 mm was prepared for
testing in catalytic experiments and stored in a desiccator over P,Os.

The solid products of combustion of the [Ni(CsH4N7)sJ(NOs), and [Ni(CsH4N3)g](ClO4),
complexes are denoted by Ni/NiO-NO3-S5C and Ni/NiO-ClO4-SSC, respectively.

3.4. Characterization of Complexes and Solid Products of Combustion
3.4.1. Composition of Complexes and Products of Their Thermolysis

The Ni content was found by inductively coupled plasma atomic emission spectrome-
try on an Optima 4300 DV (PerkinElmer, Waltham, MA, USA). The carbon, hydrogen, and
nitrogen contents were determined using an automatic CHNS analyzer EURO EA 3000
(Euro Vector S.p.A., Castellanza, Italy). In the analyzer, the complexes (0.5-2 mg) were
combusted in a vertical reactor at 1050 °C in a flow of He with added O,. The measurement
error was in the range of +3%.

Oxygen balance was calculated based on the determined C, H, N, and Ni contents
using the following equation:

o —1600 H
Oxygen balance (%) = Molar mass (2C + > * M - O) 9)
where C is the quantity of carbon atoms, H is the quantity of hydrogen atoms, O is the
quantity of oxygen atoms, and M is the quantity of metal atoms.

The X-ray powder diffraction (XRD) patterns of the synthesized nickel complexes
and solid products of their combustion were acquired using a D8 Advance diffractome-
ter equipped with a Lynxeye linear detector (Bruker AXS GmbH, Karlsruhe, Germany).
The powder XRD patterns were obtained in the 20 range from 5 to 70° with a step of
0.05° and accumulation time of 2 s using CuKy radiation (A = 1.5418 A). The composi-
tion of the solid-state combustion products was determined by the Rietveld method [68]
using the TOPAS program (TOPAS—Total Pattern Analysis System, Version 4.2, Bruker
AXS). The reference material for describing the instrumental broadening was metallic
silicon. The size of the coherent scattering region (CSR) was calculated using LVol-IB
(LVol-IB—the volume-weighted mean column height based on integral breadth) and LVol-
FWHM (the volume-weighted mean column height based on full width at half maximum,
k = 0.89) values. Crystallographic data for the complexes have been deposited with the
Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ,
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UK. Copies of the data can be obtained free of charge by quoting the depository num-
bers: CCDC-1180140 for [Ni(C3H4N3)(NO3),; CCDC-1176420 for [Ni(C3H4N3)61(ClO4),
(http:/ /www.ccde.cam.ac.uk, accessed on 1 September 2022). Theoretical powder pattern
for [Ni(C3H4N32)s](NO3); and [Ni(C3H4N»)6](ClO4), plotted from the CIF available in [40]
and [41], respectively.

Infrared spectra of the complexes and solid products of combustion were obtained
by attenuated total reflection infrared spectroscopy (ATR FTIR) using an Agilent Cary 630
spectrometer (Agilent Technologies, Santa Clara, CA, USA) equipped with a Gladi ATR
attachment (PIKE Technologies, Madison, WI, USA).

A SPECS photoelectron spectrometer with a PHOIBOS-150-MCD-9 hemispheric an-
alyzer and a FOCUS-500 monochromator (SPECS Surface Nano Analysis GmbH, Berlin,
Germany) (AlK« radiation, 150 W, hv = 1486.74 eV) was used to record X-ray photoelectron
spectra (XPS) of the solid products of combustion. The samples were transported and
supported on a conducting scotch in an inert atmosphere (argon) to prevent oxidation of
the particle surface in air during storage. The binding energy (BE) scale of the spectrometer
was precalibrated using Au4f7/2 (84.0 eV) and Cu2p3/2 (932.6 eV) core-level peaks. The
measurement error was 0.1 eV. The sample charge was taken into account using Cl1s lines
(284.8 eV). Individual spectra of elements were used to calculate the composition of the
surface while accounting for element sensitivity coefficients [69].

3.4.2. Study of Thermochemical Properties of Nickel Complexes

The thermal decomposition of nickel complexes (5 mg) was studied using a Netzsch
STA 449 C Jupiter instrument equipped with a DSC/TG holder (NETZSCH, Selb, Germany)
in the temperature range of 30-500 °C under a flow of air (30 mL-min~!) with the heating
rate of 5 °C-min~!. Based on the TG-DSC data, the kinetic parameters of the main two
stages of the thermal decomposition of the complexes were determined using the traditional
Coats—Redfern method with linear fitting [70] and the Coats—Redfern method with the genetic
algorithm to find the pre-exponential factor and activation energy. Within the framework of
this approach, the rate of the thermal decomposition reaction is written [71] as

du E
— =Ae R (1—uw 10
= (- (10)
where t is time, « is the conversion degree (or portion of decomposed compound), % is the
reaction rate, A is the pre-exponential factor, E is the activation energy, R is the gas constant,
T is temperature, and # is the reaction order.

Taking into account the heating rate p = ‘%, Equation (10) was integrated:

ART2[ ZRT] _E
1——|e

o T
A _E
O/ o 'BT/e RTdT or — In(1 — &) = oE 3 KT (n=1) (11)

Using this equation, the kinetic parameters were calculated. For the estimation of the
efficiency of modeling the experimental data, it is necessary to introduce a fitness function
(F) [72]. In this study the fitness function (12) was applied.

1N 9 5 1 qtheor aexper 2
F=_—_ - thear _ ‘?XPW -y 12

i

where N represents the number of experimental points, 7 is the value of the experimental
point at some temperature zxthw’ and anp are theoretical and experimental values of the

theor exp er

portion of decomposed compound at some temperature, “5— —and — 2 d: are theoretical
and experimental values of reaction rate at some temperature. The search for activation en-
ergy and the pre-exponential factor of each stage was performed in ranges of 50-550 k] /mol
and 104-1040 s !, respectively.


http://www.ccdc.cam.ac.uk

Catalysts 2022, 12, 1274

15 0f 19

The TG-DSC data at a different heating rate (2.5, 5, 10, 20 °C/min) and the activation
energy obtained by the genetic algorithm were used to estimate the critical temperature of
thermal explosion for the complexes by methods described by Tonglai et al. [46] and Xue
etal. [47].

The composition of gaseous products of combustion was analyzed by the dynamic
mass-spectral thermal analysis (DMSTA) method, using a time-of-flight mass spectrometer
with a molecular beam sampling system MSCh-4 (Plant Of Scientific Instrumentation,
Sumy, USSR) under a flow of Ar (5 mL-min™1). Average heating rate ranged from 100
to 245 °C-s~!. The sample weight was 1-5 mg. The delay between measurements was
0.04 s. The identification of mass spectral signals was carried out using the mass spectra of
individual substances from the NIST database.

Kinetic parameters of separated stages of the thermal decomposition of the complexes
under high heating rate were found by the genetic algorithm based on mass-spectral signals
with m/z of 68 and 32. The search for activation energy and the pre-exponential factor
of each stage was performed in ranges of 50-550 k] /mol and 10*-10%° s~1, respectively.
However, since the heating rate could not be maintained consistent during the combustion,
the Coats—Redfern method for integrating the reaction rate equation could not be used.
Thus, Equation (10) was integrated numerically to acquire a!*°" for the fitting function.

3.5. Experimental Setup for Studying CO, Hydrogenation

Experimental investigation of the catalytic properties of nickel complexes and solid
products of combustion was carried out in a fixed-bed reactor (inner diameter—12.8 mm)
at atmospheric pressure. The catalyst load was 318 mg. The reactor was heated in a tubular
furnace, and the temperature was controlled using a thermocouple installed in the catalytic
bed. The temperature varied from 150 to 450 °C with a step of 50 °C. The temperature was
increased every 20 min until catalyst activation was observed, and afterwards the duration
of each step varied.

The flow of the reaction mixture (Hy:CO;:Ar = 16:4:80) passed through the catalytic bed
with an hourly mass feed flow rate of 19.000 mL- gcat_l -h~L. The flow rate was controlled
by an RRG-12-36 flow meter (“Eltochpribor”, Moscow, Russia) with an accuracy of 1%. The
composition of the gas at the reactor’s outlet was determined using an Agilent Cary 630
FTIR-spectrometer (Agilent Technologies Australia, Melbourne, Australia) with the gas
cell’s internal volume of 100 cm® and the optical path length of 10 cm.

The amount of CO5 in the reaction medium before and after the reactor was determined
using nondispersive infrared sensors (Dynament Limited, Mansfield, UK). The obtained
data were used to calculate CO, (Xcoy) conversion as follows:

Cout . uout
Cin U

Xco, = (1 — ) -100% (13)
where C;;; and Cy,; are CO, concentrations at the inlet and outlet of the reactor, and U;, and
Uout are gas flow rates at the inlet and outlet of the reactor. Taking into account reaction
stoichiometry (the reaction proceeds with a decrease in volume) and the high content of
argon in the reaction medium, the Uj,/Uoy; ratio was in the range from 0.92 to 1.

4. Conclusions

Using a solvent-free melting-assisted method, [Ni(C3H4N3)s](NO3), and [Ni(CzH4N3)s]
(ClO4), complexes were prepared as precursors of CO, hydrogenation catalysts. Their
composition and structure were confirmed by elemental analysis, ATR FTIR, and powder
XRD. The thermochemical properties of the complexes were studied, and it was shown
that [Ni(C3H4N)s](ClOy4); is more thermally stable due to the stronger imidazole-metal
interactions and the thermal stability of the perchlorate anion. That is one of the reasons for
the lower degree of its gasification in the SSC conditions, because the resulting solid product
contains carbon, nitrogen, and chlorine impurities. There are far fewer impurities in the
solid product of [Ni(C3H4N>»)s](NO3), thermal decomposition. It was found by powder
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XRD that nickel oxide and reduced nickel are the main components of the solid products of
gasification of the [Ni(C3H4N3)6](NO3), and [Ni(C3H4N2)](ClO4), complexes. However,
XPS showed that the particles” surface is covered by an amorphous layer of hydroxide
and/or carbonate nickel, which is pronounced in the case of the sample prepared from
[Ni(C3H4N2)6](ClO4),. This led to a lower degree of nickel reduction (Ni’/Ni%* = 0.2)
during the catalysts activation in the CO, hydrogenation reaction medium, even at 450 °C.
Nickel oxide on the surface of the sample prepared from [Ni(C3H4N)](NO3), ensures the
formation of metallic nickel (Ni’/Ni?* = 0.65) already at 250 °C in the presence of CO,,
which efficiently catalyzes the interaction of CO; and hydrogen with further temperature
increases.

As a result, [Ni(C3H4N3)s](NO3), is a more promising precursor for CO, hydrogena-
tion catalyst. It provides a lower impurity level in solid products of gasification, a large
fraction of reduced metal, and a formation of nickel oxide on the particle surface, which
reduces to the catalytically active phase even at 250 °C in the CO, presence. It should be
noted that the activation of industrial catalysts for CO;, hydrogenation to methane begins
only at temperatures over 350 °C under similar conditions, as established in our previous
studies [67].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12101274/s1, Figure S1: DSC data for [Ni(C3H4N3)s](NO3),
and [Ni(C3H4N3)6](ClO4), complexes at different heating rates; Figure 52: XPS survey spectra for
Ni/NiO-NO3-SSC and Ni/NiO-ClO4-SSC.
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