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Abstract: Nanostructured nickel-based catalysts were produced by solution combustion synthesis
and it was found that their properties and structure depended on the pretreatment of the precursor
solution. X-ray diffraction, N adsorption, and an infrared high-speed camera were used to follow
the various synthesis steps and to characterize the obtained catalysts, while their catalytic activity
was determined in the hydrogenation of maleic acid. It was determined that the amount of water
used and the heating of the precursor solution under mild stirring up to 70 °C influenced the
nickel nitrate-glycine-water complexes that were formed in the precursor solution in the form of
dendrites. These play a key role in the solution combustion synthesis (SCS) reaction mechanism and
in particular in the formation of nickel-based catalysts. Understanding the interrelationships between
the processing parameters and the ensuing powder properties allowed an efficient optimization of
the catalytic performance.

Keywords: solution combustion synthesis; pretreatment; X-ray diffraction; surface analysis; infrared
high-speed camera; nickel catalysts; nickel-based nanopowders

1. Introduction

The importance of acquiring deep knowledge and understanding of the mechanisms involved in
a synthesis procedure is crucial in order to improve its efficiency. In this sense, the processing
parameters and their effect on the final products play a key role. For a catalytic material, the
knowledge that is essential for an efficient production is associated to the relation between the synthesis
parameters, structure, morphology, microstructure, redox behavior, surface properties, and catalytic
performance [1]. The high complexity of these relations highlights the necessity of systematic research
on the synthesis process [2].

In terms of efficiency, not all solution-based approaches are equivalent. Each preparation
methodology, including the solution routes such as solution combustion synthesis, the co-precipitation
process, the sol-gel method, the hydrothermal technique, and the Pechini-like route, has its own
advantages and disadvantages [3-7]. Most of them include costly reactants and in many cases
intermediates are involved, which are moisture-sensitive [1]. As expected, all approaches are suitable
to prepare some materials or to provide certain properties to the final products, while they are
completely inappropriate for others.
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Solution combustion synthesis (SCS) is categorized as a soft-chemical method, and is a simple
and cost-efficient approach yielding fine powders [8,9]. It involves the self-sustained redox reaction
of an oxidant with a fuel in the presence of metal cations [10,11]. Generally, the oxidants are metal
precursors (e.g., metal nitrates), and the fuel is any organic compound (e.g., urea, glycine, and citric
acid) that is capable of forming complexes with metal ions [12]. The released heat from the exothermic
reaction between the oxidants and the fuel fulfills the energy requirements for the formation of the final
compounds [13]. The most significant advantage of the SCS method is its time and energy efficiency.
Once the mixture reaches the necessary temperature, it ignites and the high self-generated energy
converts the precursors into oxides and other compounds without demanding an external energy
source. Conversely, other approaches based on metal hydroxide and/or alkoxide conversion are
endothermic and thus require continuous external energy input [14].

There are many parameters that influence the properties of the produced materials, such as the
preheating temperature, the initial composition, the fuel nature, the fuel concentration, etc. [15-17].
One of the parameters that have been considered to have low or no effect on the composition of the
SCS-derived products is the quantity of water added in the initial solution. Xanthopoulou et al. [18]
conducted a thorough investigation concerning this parameter, and it was concluded that the quantity
of water in the precursor SCS solution does affect the composition and the microstructure of the
final nanopowders. As a continuation of that work, in this research we demonstrate the influence
of pretreatment of the precursor solution, performing heating on a plate up to 70 °C with mild
magnetic stirring.

2. Materials and Methods

For a total solid mass of 14 g, 66.7% of nickel nitrate hexahydrate and 50% glycine were mixed
with various quantities of water (25, 50, 75, 100 mL) and eight solutions were prepared—two for each
quantity of water. One solution from each water quantity was preheated in a borosilicate glass beaker
on a hot plate with mild magnetic stirring until the temperature reached 70 °C. At that point, the beaker
was placed in a preheated furnace at 500 °C in air atmosphere for the SCS to take place. The other
four solutions (with 25, 50, 75, and 100 mL of water) were placed directly in the furnace without any
pretreatment. In all experiments, after the completion of the SCS cascade of reactions, the beaker was
removed from the furnace and left to cool down to room temperature. In Table 1 that follows, the
materials that have been used for catalysts production using Solution Combustion Synthesis (SCS) are
listed. Also, the manufacturers and their assay are included.

Table 1. Materials used for SCS catalysts production and the hydrogenation reaction.

Material Manufacturer Assay/Purity
Nickel (II) nitrate hexahydrate for analysis B o
[Ni(NO3),-6H,0] Merck (Darmstadt, Germany) 99.0-102.0%
Glycine for synthesis [CH,NH,COOH] PanReacAppliChem (Darmstadt, Germany) 99.0 %
Maleic acid [HOOCCH=CHCOOH] Riedel-de Haén (Bucharest, Romania) 99.0 %
Hydrogen [H;] Air liquide (Paris, France) 99.999%

The microstructural properties of the synthesized catalysts were determined by several methods.
Atomic structure was determined by X-ray diffraction measurements in a Siemens Spellman DF3
spectrometer with Cu-K« radiation. For the semi-quantitative XRD analysis, 10% KCl was added in all
samples as an internal standard. By normalizing the XRD results against the 10% KCl internal standard
and calculating the peak ratio of intensities of particular peaks (ensuring that they were unique for
each phase being analyzed), it was possible to determine the relative content of each phase in the
material. The hkl of the peaks selected for each phase were: 111 for nickel, 101 for nickel oxide, and
100 for potassium chloride.
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Determination of the temperature and velocity of the combustion wave during SCS was carried
out using three 100 pm diameter K-type (chromel-alumel) thermocouples placed in and above the
solution. A PICO TC-08 conditioner was used to convert, filter, and amplify the temperature signals,
which were recorded at a rate of 0.5 ms. The installation has been manufactured in the Advanced
Ceramics & Composite Materials Laboratory of NCSR “Demokritos” (Athens, Greece). No attempt was
made to move the thermocouples since these measurements were used only to pinpoint the reaction
time and correlate it to the appearance of the combustion phenomena. In any case, this work is being
extended in order to compare the measured reaction temperatures with calculated adiabatic reaction
temperatures, and will be published in future work. The temperature of the combustion wave was also
measured in situ using a high-speed infrared (IR) camera (FLIR Systems, model A655SC, Wilsonville,
Oregon, United States). The speed of the combustion wave was calculated by analysis of the data
obtained from the high-speed infrared camera.

BET (Brunauer, Emmett and Teller) specific surface area and pore distribution measurements
were carried out in a GAPP V-Sorb 2800 analyzer (Beijing, China) using nitrogen (99.9%) with helium
(99.999%) as the carrier gas. All samples were subjected to degassing under vacuum (3-10~# Torr) in
two stages during pretreatment. During the first stage the samples were heated up to 80 °C for 45 min,
while in the second stage they were heated up to 150 °C for another 45 min.

The activity of the SCS catalysts was investigated in the aqueous hydrogenation of maleic acid
that produced succinic acid, as presented in the equation below. The installation and its operating
principles were extensively discussed in previous work [16].

C4H4O4 + Hy Ni/_l\)IiO C4HgOy

The catalytic reaction took place in a shaker-reactor enclosed inside a water bath kept at 80 °C.
An amount of 1.0 g of powdered catalyst was added into the catalytic reactor with 30 mL of distilled
water. Thereafter, the 0.26 g maleic acid was added and calculated for the reaction with 50 mL of
hydrogen at atmospheric pressure. Both catalyst saturation with hydrogen and hydrogenation were
carried out under continuous horizontal shaking at a rate of about 500 cycles per minute. The amount
of reacted hydrogen was measured every minute at atmospheric pressure. The installation has been
manufactured in the Advanced Ceramics & Composite Materials Laboratory of NCSR “Demokritos”
(Athens, Greece).

To check reproducibility of the results, each experiment, analysis, and hydrogenation test was
repeated at least three times.

3. Results and Discussion

An infrared camera was employed to take photographs of the samples with 75 mL of water in the
precursor solution during combustion, and they are presented below in Figure 1. The photographs were
taken at approximately the same time for the not-pretreated (a) and pretreated (b) samples at 70 °C.

(a)
Figure 1. Cont.
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(b)

Figure 1. Photographs of the (a) not-pretreated and (b) pretreated samples during combustion, taken

using an IR camera at 70 °C.

It can be observed from Figure 1 that there were well-developed and clearly distinguished
dendrites when the pretreatment was applied on the precursor solution. On the other hand, in the
not-pretreated sample there were no developed structures, indicating a different mechanism during
SCS that resulted in a different composition and microstructure of the obtained nanopowders. The other
three water quantities were also investigated, and the results were the same as those presented (75 mL
of water). At saturated nickel nitrate concentrations, dendrite growth in water can be explained from
the perspective of a diffusion-limited aggregation process. The dendritic structure was due to the
formation of hydrates while still in solution in combination with extensive gas emissions during
SCS. These results were attributed to several controlling factors: the nickel nitrate crystal structure,
the nature of diffusion through water as a solvent, the formation of nickel and nickel oxide, and the
formation of strong bonds in glycine—nickel nitrate tetrahydrate (C;H;3N3NiOq;) during the reaction
of glycine with nickel nitrate. It appeared that when these dendrites existed (with pretreatment) the
reaction took place at a lower velocity as it was yielded through their complicated structure, and thus
there was less time available for the oxidation of nickel.

In previous studies, there were several examples of dendrite formation during combustion
synthesis. Vojisavljevi¢ et al. [19] studied the relationship between the combustion reaction mechanism
induced by the exothermicity of the cobalt nitrate-glycine solution-combustion reactions and the
morphological details of the nanocrystalline Co3O4 with a multi-branching tree-like form of the
powders. They suggested that the high enthalpy of combustion, the rapid sintering, and formation
of the grain boundaries typical for the strong bonding among cobalt-oxide nanocrystallites and
short-string particles that occurred led to the formation of dendritic agglomerates [19].

Furthermore, the sol-gel combustion method was employed by Huang et al. [20] to synthesize
modified salts based on the combustion of a sol or gel of Mg(NOs3), and citric acid or urea in
NaNO3-KNOj. These results showed that MgO nanoparticles possess a dendritic structure with
a length of tens to hundreds of nanometers and notably by increasing fuel, the dendritic structure grew
beyond the nanometer size [20].

Finally, Ce gSmg 207« powders were derived by SCS using Ce(NO3)3-6H,0 and Sm(NO3)3-6H,O
as metal precursors and using different combustion fuel mixtures: (1) citric acid with ammonia,
(2) cellulose and citric acid with a 2:1 molar ratio, and (3) sucrose. The reducer—oxidizer mixtures were
stirred at 80 °C until a pale gel was formed. By further increasing the temperature, a white dendritic
powder was formed for all combustion reactions [9].

Figure 2 demonstrates the patterns obtained from the XRD analysis for the examined nanopowders.
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Figure 2. XRD patterns from the solution combustion synthesis (SCS) derived materials on the basis of
the initial mixture of 66.7% Ni(NOj3),-6H,O and 33.3% glycine with different amounts of water added
in the initial solution (a) with and (b) without heated stirring.

The XRD analysis revealed the major impact of the precursor solution’s pretreatment. The two
resulting phases, Ni and NiO, appeared to exist in various ratios in the final product. Figure 3 presents
the semi-quantitative analysis of these two phases as a function of the preparation conditions.
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Figure 3. Semi-quantitative analysis of the (a) Ni and (b) NiO phases in the resulting materials.

Based on the data obtained by the XRD patterns, the heated stirring appeared to have a major
influence on the final products” composition. When heated stirring was applied in the precursor SCS
solution up to 70 °C, the concentration of nickel in the final product was strongly enhanced, thus
improving their catalytic activity in the liquid-phase hydrogenation of maleic acid. The pretreatment
influenced the nickel nitrate—glycine complexes that were formed in the precursor solution in the
form of dendrites, which play a key role in the SCS reaction mechanism and the formation of nickel.
When these dendrites existed (with pretreatment) the reaction took place at lower velocity, as it was
yielded through their complicated structure, and thus there was less time available for the oxidation
of nickel. Furthermore, the heated stirring before SCS had a considerable effect on the nanopowders’
microstructure as shown in Figures 4 and 5 that exhibit the calculated crystal lattice spacing and
crystallite size for nickel and nickel oxide. The standard deviation for the crystal lattice spacing values
was estimated to be +0.0005 A with a crystallite size of 3 nm.
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Figure 5. Influence of water quantity and heated stirring on the (a) Ni and (b) NiO crystallite size.

The pretreatment on the precursor solution appeared to have a more complicated influence on
the crystal lattice spacing of nickel and nickel oxide. When 50 and 100 mL of water were added,
pretreatment resulted in a reduction of crystal lattice spacing for both phases. On the other hand,
when 75 mL of water was added in the initial mixture, the applied heated stirring did not significantly
influence the crystal lattice spacing. The observed changes in the lattice spacing suggested alteration of
the materials” defect structure, which is a major characteristic concerning their catalytic performance.

The influence of pretreatment on the crystallite size of nickel and nickel oxide was also clearly
observed. The calculated (using Scherrer’s formula) crystallite size of both phases grew when the
pretreatment was applied on the initial SCS solution. The existence of dendrites led to the inhibition of
oxygen diffusion on the foam-like structure due to the denser structure (i.e., lower height of dendrites
in the final product). Accordingly, the oxidation of glycine was not completed, yielding carbon and
carbon monoxide, which reduced nickel oxide to nickel. This double thermal treatment led to the
occurrence of a sintering process and an increase of crystallite size. Larger crystallites have less
surface energy and therefore tend to agglomerate less. The extent of crystallite agglomeration severely
influenced the material’s specific surface area, as shown in Figure 6. The standard deviation of the
surface analyzer’s values was estimated to be 0.1 m?/ g.

H no pretreatment

=
o

M pretreatment

oo

Specific surface area, m?/g

75ml
100ml

Figure 6. Influence of water quantity and heated stirring on the specific surface area of the
produced materials.
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The specific surface area (SSA) of the as-burnt materials was also altered by the pretreatment
of the precursor solution (refer to Figure 6). The effect of the pretreatment on the material’s specific
surface area was beneficial, as the SSA increased for both water quantities examined, suggesting its
advantageous nature. These results are in accordance with the previous calculated crystallite size for
pretreated and not-pretreated materials. The heated stirring resulted in larger crystallites for both
phases, inhibiting the sintering process and leading to larger specific surface areas.

Adsorption—desorption curves obtained by the BET method are shown in Figure 7, where the
hysteresis curves of the SCS products from a not-pretreated and a pretreated solution can be seen with
75 mL added into the initial mixture.

10
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Figure 7. Hysteresis curves of the SCS materials prepared from (a) a not-pretreated and (b) a pretreated
precursor solution.

The adsorption/desorption curves of the sample prepared without pretreatment of the initial
SCS solution with 75 mL of added water are demonstrated in Figure 7a, and the pretreated one in
Figure 7b. Both materials exhibited a distinct hysteresis loop, indicating that evaporation from pores
and condensation in the pores are two completely different processes. This in turn implies that capillary
condensation occurs within mesopores. The shape of the hysteresis loop of the pretreated sample
was type A, according to the De Boer categorization, suggesting the existence of mainly cylindrical
pores. Moreover, the bigger loop indicates better pore connection, thus there were many open pores.
On the other hand, the type of loop in the not-pretreated sample corresponded to type C and its



Appl. Sci. 2019, 9, 1200 10 of 14

distinctly smaller hysteresis loop reflects the presence of many closed or semi-closed pores, such as
wedge-shaped, cylindrical, and slit-shaped pores with one closed side or a dead end [21].

In addition, BET measurements provided the pore size distribution of the pretreated and
not-pretreated samples in the case of 75 mL of water being added.

Pore analysis measurements are exhibited in Figure 8. The results showed that there was no
significant effect of the pretreatment on the final product’s volume of nanopores or total porosity.
The porosity, as well as the volume of the nanopores, were mainly influenced by the volume and
velocity of the generated gases, considering that the composition of the precursor solution was identical.
Thus, the similar resulting porosity was due to the same initial composition and identical behavior of
the generated gases, as the reaction that took place was the same. In conclusion, the different values of
the specific surface area can be attributed to the various crystallite sizes of the resulting phases, and
not the materials’ porosity characteristics. Thermal measurements concerning the reaction temperature
as a function of the reaction time are presented in Figure 9.
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Figure 8. BJH (Barrett, Joyner, and Halenda) adsorption cumulative pore volume concerning the
influence of pretreatment on the basis of the initial mixture of 66.7% Ni(NOs),, 33.3% glycine, and
75 mL H,O.
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Figure 9. Reaction temperature as a function of reaction time during SCS for the samples with and
without pretreatment on the basis of the initial mixture: (a) 66.7% Ni(NO3);, 33.3% glycine, and 75 mL
H>O; and (b) 66.7% Ni(NOg3),, 33.3% glycine, and 100 mL H,O.

According to the obtained data, the pretreatment did not strongly influence the combustion
temperature. The belated time of the combustion initiation for the not-pretreated sample was attributed
to the quantity of the water that evaporated during the heated stirring. Nevertheless, the two observed
peaks during SCS have different intensities and durations, implying a mechanism modification
triggered only by the pretreatment application on the precursor solution. The first peak was attributed
to the exothermic reaction of glycine with nickel nitrate, while the second to the reduction of nickel
oxide with hydrogen and carbon. The resulting material of the pretreated solution had a more intensive
and wider peak accorded to the nickel production, suggesting a higher concentration of nickel in the
final product compared to the not-pretreated product. This was confirmed by the semi-quantitative
analysis (refer to Figure 3), where the nickel concentration was indeed enhanced when pretreatment
was applied.

The well-developed dendrites in the pretreated sample resulted in the alteration of the combustion
mechanism in comparison with the not-pretreated one. When the pretreatment was applied, the
reaction between glycine and nickel nitrate was slower, while in the second case it was more violent.
The existence of dendrites led to the inhibition of oxygen diffusion on the foam-like structure due to the
resulting more dense structure (i.e., lower height of dendrites in the final product). Correspondingly,
the oxidation of glycine was not complete, yielding carbon and carbon monoxide, which reduced
nickel oxide to nickel. That explains the higher second peak of the pretreated sample compared to the
not-pretreated one, as well as the higher concentration of nickel in the final product composition.

The Ni-based synthesized materials were employed as catalysts. Their catalytic activity was tested
in the liquid-phase hydrogenation of maleic acid, and conversion curves were obtained. The catalysts,
which were prepared from pretreated precursor solutions, appeared to be more active, and the obtained
conversion curves of the catalysts are shown in Figure 10. The standard deviation of the values of
conversion was estimated to be £5%.

The degree of the conversion of maleic acid into succinic acid was very low for the catalysts
produced from a not-pretreated solution, whereas the catalysts made from pretreated solutions
exhibited better catalytic activity, with the catalyst prepared with 75 mL of water showing the highest
conversion rates. The enhanced catalytic performance of the catalysts prepared from the pretreated
initial SCS solutions was due to their increased concentration of metallic nickel and their increased
surface area (due to increasing crystallite size and decreasing sintering processes). Nickel acts as a



Appl. Sci. 2019, 9, 1200 12 of 14

catalyst in the hydrogenation of maleic acid, and the increase of nickel concentration led to an increase
of the catalysts’ activity. Increasing surface area resulted in the enhancement of the catalysts’ activity,
as liquid-phase hydrogenation was characterized as a surface catalysis, where the reactant molecules
were adsorbed onto a solid surface before they reacted with the catalyst to form the product. The rate

of the surface-catalyzed reaction increased with the increase of the catalyst surface area in contact with
the reactants.

H no pretreatment

70 - Wpretreatment

60

50
40
30
20
10

Conversion, %

50 ml

75ml

100ml

Figure 10. The dependence of maleic acid conversion on the SCS catalysts, calculated from the quantity
of absorbed hydrogen.

Improved specific surface area, the open porosity for the catalyst with 75 mL of water as suggested
by the obtained adsorption/desorption curves, as well as the optimum crystal lattice plane size for
adsorption—desorption process of reaction components played a significant role in improving its
catalytic activity compared to the other amounts of water that were added in the initial mixture.

4. Conclusions

The main findings of the present study are:

1.  The pretreatment influenced the nickel nitrate-glycine complexes that were formed in the
precursor solution in the form of dendrites, which played a key role in the SCS reaction mechanism
and the formation of nickel.

2. The existence of dendrites led to the inhibition of oxygen diffusion on the foam-like structure due
to the resulting denser structure (i.e., lower height of dendrites in the final product).

3. Inaccordance, the oxidation of glycine was not complete, yielding carbon and carbon monoxide,
which reduced nickel oxide to nickel. This “double thermal treatment” led to the occurrence of a
sintering process and an increase of crystallite size.

4.  Larger crystallites had less surface energy and as a result they tended to agglomerate less, leading
to enhanced specific surface area.

These results help to explain phenomena which have been observed during SCS, such as dendrite
formation. The influence of pretreatment may explain many of the difficulties reported in repeating
synthesis, since this parameter generally was not taken into consideration during the investigation of
nanomaterials synthesis.

Thus, the consideration of pretreatment’s influence has significant potential applications in the

preparation of other nanocomposite catalysts for engineering highly efficient catalysts and also for
researchers that are occupied with nanomaterials.
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