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Методом горения были получены продукты горения ксерогеля (ПГК) алюмооксид-

ного и никельалюминатного состава с использованием лимонной кислоты (ЛК) в качестве 

топлива. Описаны свойства ПГК, определенные методами рентгенофазового, термического, 

ИК-спектрального анализа, сканирующей электронной микроскопии и др. Методом рентге-
нофазового анализа установлено, что горение стехиометрической смеси нитрата алюминия 

с ЛК приводило к образованию рентгеноаморфного продукта, который кристаллизовался с 

образованием γ-Al2O3 при термообработке (700-900 °С), переходившей затем (1100 °С) в α-
Al2O3. Признаки NiAl2O4 обнаруживались в as-prepared ПГК. С помощью инфракрасного пиро-

метра установлены максимальные температуры горения: 429 и 468 °С для ПГК алюмоок-

сидного и никельалюминатного состава соответственно. Характер зависимостей темпера-

туры от времени для различных ПГК был аналогичным. Выполнен термический анализ ПГК. 
Определен состав газов, выделяющихся в ходе горения. Масс-спектральные кривые свиде-

тельствовали о преимущественном выделении газообразных продуктов, соответствовав-

ших уравнениям окислительно-восстановительных реакций: Н2О, N2, CO2. Приведен предпо-

ложительный перечень уравнений реакций, приводивших к образованию шпинели. По ИК 
спектрам сделано предположение, что ПГК никельалюминатного состава (без отжига и 

после отжига) представлял собой частично инвертированную шпинель. Данные по низко-

температурной адсорбции азота свидетельствовали о незначительном уменьшении удель-
ной площади поверхности ПГК (на 13-1%) и увеличении размеров кристаллитов (на 13-27%) 

в результате термообработки при 700 °С. Более высокая температура отжига (1100 °С) 

приводила к существенному сокращению межфазной поверхности (в 4-5 раз). 

Ключевые слова: синтез горением растворов (ксерогелей), состав смеси для горения, оксид алю-
миния, никельалюминатная шпинель, продукт горения ксерогеля, отжиг продукта 
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Combustion products of xerogel (XCPs) of alumina and nickel aluminate composition were 

obtained by combustion using citric acid (CA) as fuel. The XCP properties determined by the meth-

ods of X-ray diffraction, thermal, IR spectral analysis, scanning electron microscopy, etc. are de-

scribed. By diffractometry, it was established that the combustion of a stoichiometric mixture of 

aluminum nitrate with CA led to the formation of an X-ray amorphous product, which crystallized 

to form γ-Al2O3 during heat treatment (700-900 °C), which then passed (1100 °C) into α-Al2O3. 

NiAl2O4 signs were found in as-prepared XCP. Using an infrared pyrometer, the maximum com-

bustion temperatures were established: 429 and 468 °C for XCPs of alumina and nickel aluminate 

composition, respectively. The nature of temperature-time dependencies for different XCPs was 

similar. A thermal analysis of XCP was performed. The composition of gases released during com-

bustion has been determined. The mass-spectral curves testified to the predominant emission of 

gaseous products that corresponded to the equations of redox reactions: H 2O, N2, and CO2. A hy-

pothetical list of equations of reactions leading to the spinel formation is given. Based on the IR 

spectra, it was assumed that the nickel-aluminate XCPs (without annealing and after it) was a 

partially inverted spinel. The data on low-temperature nitrogen adsorption showed a slight decrease 

in the XCP specific surface area (by 13-19%) and an increase in the size of crystallites (by 13-27%) 

as a result of heat treatment at 700 °C. A higher annealing temperature (1100 °C) led to a signifi-

cant reduction in the interfacial surface (4-5 times). 

Keywords: solution (xerogel) combustion synthesis, combustion mixture composition, alumina, nickel 
aluminate spinel, xerogel combustion product, product annealing 
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INTRODUCTION 

This article is a logical continuation of the ar-
ticle [1], which substantiated 3 ways of synthesis of 
NiAl2O4 using xerogel combustion products (XCP) 
and described the production and properties of XCP of 
nickel oxide composition.  

Aluminum oxide synthesized by combustion 
was characterized in pioneering work [2] along with other 
aluminate compounds (MgAl2O4, CaAl2O4, Y3Al5O12 
(YAG), β′-Al2O3, LaAlO3 and ruby powder (Cr3+ 
-Al2O3)). In this work, for the first time, the synthe-
sis of α-Al2O3 has been carried out at a low temper-
ature (500 °C) by the burning a mixture of metal ni-
trate (Al(NO3)3·9H2O) with urea N2H4CO as fuel for 
a time of less than 5 min. The reaction was initiated by 
heating in a muffle furnace. As a result, hexagonal 
crystals α-Al2O3 with dimensions of 0.2-0.8 μm with a 
specific surface area of 8.3 m2/g were obtained. The 
interest in aluminate compounds is understandable and 
is due to their great practical importance. Using the 
combustion method, various modifications of alumina 

were obtained: α- [2-8], γ- [9-12], β- [13, 14]. As a rule, 
aluminum nitrate served as an oxidizer in such a reac-
tion, but metal formate was used in the work [6]. In the 
work [9], a complex of aluminum (III) with Schiff ba-
ses was used in the presence and absence of carbamide 
and glycine. 

The reducing agent can be various organic 
compounds that form chelated complexes with di- and 
trivalent d-metals (Fig. 1), which increases the homo-
geneity of the reacting mixture, prevents segregation 
and precipitation during evaporation in order to obtain 
xerogel, and initiates a combustion reaction at low ig-
nition temperatures.  

In most studies, the authors chose urea  
(NH2)2CO [2-5, 8, 13], glycine C2H5NO2 [4, 7, 13], and 
citric acid [11, 13, 16]. In the review [17], it was noted 
that the use of urea, hydrazine N2H4, or carbohydrazide 
CH6N4O as fuel made it possible to obtain a single-
phase product in the form of α-Al2O3, while the choice 
of glycine C2H5NO2, acetylacetone C5H8O2 or citric acid 
C6H8O7 led to the formation of an amorphous powder, 
which, after annealing above 1100 °C, was transformed 
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into α-Al2O3. Zhuravlev et al. [8] using the example of 
the urea system, showed that the crystallization degree 
of the combustion product depended to a large extent 
on the molar ratio of fuel : oxidizer φ. For φ = 1.0-1.2, 
the researchers obtained a well-crystallized product, 
while the lack of fuel (φ = 0.6) led to the formation of 
an X-ray amorphous substance.  

 

 
Рис. 1. Хелат между комплексообразующими катионами и 

лимонной кислотой [15]  

Fig. 1. Chelate between complexing cations and citric acid [15] 

 
A number of authors used mixed fuels: urea-

glycine [18], urea-glycine-hexamethylenetetramine 
[10], urea-camphor [19], urea-citric acid [11].  

Earlier [20], we synthesized Al2O3 using suc-
cinic acid. The xerogel combustion product (XCP) was 
amorphous up to 700 °С. Heat treatment at 900 °C led 
to the formation of crystalline γ-Al2O3, and higher 
temperature treatment (1100 °C) contributed to the 
formation of a well-crystallized single-phase product 
in the form of α-form. The size of the crystallites was 
38.3 nm. XCP was composed of unevenly granular ag-
glomerates of sharp-angled particles with a size of ~2 
to ~10 μm. Its high reactivity was shown [21]. 

The combustion method is actively used to ob-
tain various spinels, including NiAl2O4 [22-27]. In re-
cent years, the combustion method has been in demand 
for the production of Ni-containing catalysts and 
their supporters of various compositions: Ni/Al2O3  
[28-32], NiO/Al2O3 [33], Ni-NiAl2O4 [34], as well as 
NiAl2O4/NiO composites [35]. This is caused by the 
spinel stability, resistance to acids and alkalis, high 
melting point. The review [36] showed that NiAl2O4 
was formed in the process of combustion, especially at 
elevated temperatures, or annealing (500-900 °C). X-
ray diffraction confirmed the coexistence of the NiO 
and NiAl2O4 phases and the absence of alumina, which 
indicated the complete inclusion of aluminum in the 
spinel structure. Annealing above 800 °C contributed 
to the crystallization of the stable phase of NiAl2O4, in 
which nickel was evenly distributed. Subsequent spinel 
reduction led to the formation of Ni/Al2O3 catalysts 

with fine particles of Ni (10-30 nm), providing in-
creased activity at moderate reaction temperatures. For 
this purpose, traditional fuels, in particular urea, are used 
[23, 26, 27]. The use of plant extract was original [24].  

This part of the paper presents the results of the 
study of xerogel combustion products (XCP) obtained 
from nitrates and citric acid (CA), leading to the for-
mation of alumina and nickel-aluminate spinel. 

MATERIALS AND EXPERIMENTS 

Used for synthesis reagents: aluminum ni-
trate (AN) Al(NO3)3·9H2O, nickel nitrate (NN) 
Ni(NO3)2·6H2O, citric acid C6H8O7·H2O [HOOC-CH2-
C(OH)COOH-CH2COOH] analytically pure. 

To obtain XCP (A) and XCP (NA), respec-
tively: 

1) AN crystal hydrate taken as oxidizer and CA 
(fuel) according to the reaction equation: 

6[Al(NO3)3∙9H2O] + 5С6Н8О7 =  

= 3Al2O3 + 9N2 + 30CO2 + 74H2O; 

2) NN and AN crystal hydrates (oxidizers) and 
CA (reducing agent) according to the reaction equation: 

2[Ni(NO3)2∙6H2O] + 4[Al(NO3)3∙9H2O] +  

+ 5С6Н8О7 + 2HNO3 = 2NiAl2O4 +  

+ 9N2 + 30CO2 + 69H2O. 

The initial components were introduced into 
combustion mixtures in a stoichiometric ratio. The ex-
perimental methodology and the devices used were de-
scribed in Part 1 [1]. 

The decoding of the XCP diffractograms was 
carried out on the JCPDS Cards nos. 10-0425 and 29-
0063 for γ-Al2O3; 46-1212 for α-Al2O3. The diffraction 
peaks at 19.5, 31.7, 37.5, 45.3, 60.2, and 65.8о corre-
spond to the (111), (220), (311), (222), (400), (511), 
and (440) planes of NiAl2O4 and are in excellent agree-
ment with JCPDS Card no. 78-1601 and PDF nos. 65-
3102, 81-0718. 

RESULTS 

All the studied reactions proceeded in a self-
propagating mode due to short-term local external heat-
ing of the prepared gel.  

The XCP (A) diffractograms in Fig. 2 showed 
that at the stoichiometric ratio of the initial compo-
nents, the first signs of the crystalline phase appearance 
in the form of γ-Al2O3 in the primary X-ray amorphous 
product (Fig. 2, a) were detected after heat treatment at 
700 °C (Fig. 2, b). The product annealed at 900 °C fully 
corresponded to the γ-form (Fig. 2, c). The higher tem-
perature treatment (1100 °C) made it possible to obtain 
single-phase corundum α-Al2O3 (Fig. 2, d). 
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Рис. 2. РФА ПГК (A) после отжига при 500 (a), 700 (b), 900 (c) 

и 1100 °С (d) 

Fig. 2. XRD patterns of XCP (A) annealed at 500 (a), 700 (b), 

900 (c), and 1100 °С (d) 

 

 
Рис. 3. РФА ПГК (NA) без отжига (a) и после отжига при 500 (b), 

900 (c), 1100 °С (d) 

Fig. 3. XRD patterns of XCP (NA) as-prepared (a) and annealed 

at 500 (b), 900 (c), 1100 °С (d) 

In contrast to XCP (A), weak blurred reflexes 
were detected immediately after combustion on the dif-
fractogram of the mixed product (XCP (NA)) (Fig. 3, a). 
Annealing at 500 °C and above led to the distinct ap-
pearance of crystalline spinel signs (Fig. 3, b-c). At the 
same time, under these conditions, peaks characteristic 
of NiO were also manifested, which disappeared during 
further high-temperature treatment (1100 °C) (Fig. 3, d). 
Nickel metal in XCP (NA), unlike XCP (N) [1], was 
not detected. The final product was pure spinel 
NiAl2O4. 

Temperature measurements using an infrared 
pyrometer during combustion (Fig. 4) made it possible 
to establish its maximum values Tmax for XCP (A) and 
XCP (NA), equal to 429 (curve 2) and 468 °C (curve 3), 
respectively. (For XCP (N), Tmax was in the interval be-
tween these values (curve 1) and amounted to 447 °С 
[1]). The difference in the course of the obtained de-
pendencies was manifested only in the different rate of 
temperature rise up to ~300 °C.  

 

 
Рис. 4. Изменение температуры во время горения ПГК (N) 

(1), ПГК (А) (2), ПГК (NA) (3) 

Fig. 4. Time-temperature profile of XCP (N) (1), XCP (A) (2), 

XCP (NA) (3) combustion 

 
The nature of thermal dependencies (TG, DSC) 

for the studied XCPs was basically identical (Figs. 5, 6). 
The presence of clearly pronounced exothermic effects 
testified to an incomplete redox reaction in the com-
bustion process proper. The maximum temperatures, 
as noted earlier [1, 20], were close to those measured 
with a pyrometer: 437 (Fig. 5) and 429 °C (Fig. 4, 
curve 2), 471 °C (Fig. 6), and 468 °C (Fig. 4, curve 3). 
Mass-spectral (MS) curves taken online (Figs. 5, 6) 
showed a predominant release of gaseous products that 
corresponded to the redox equations given above: Н2О, 
N2, CO2. Part of the nitrogen was broken off in the 
forms of NO and NO2. Basing on these products and 
literature data [37, 38], it was possible to assume the 
course of reactions according to the following schemes: 
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Ni(NO3)2⋅6H2O 
54 ℃
→   Ni(NO3)2⋅4H2O 

85,4 ℃
→     

85,4 ℃
→     Ni(NO3)2⋅2H2O   (a) 

Ni(NO3)2⋅2H2O = NiO + NO2 + NO + O2 + 2H2O  (b) 

Al(NO3)3⋅9H2O 
130 ℃
→    Al(NO3)3 

200 ℃
→    

200 ℃
→    1/2Al2O3+3/2NO2 +3/2NO +3/2O2       (c) 

Ni(NO3)2⋅2H2O + C6H8O7 → Ni + NiO + 

+ NO2+ NO + N2 + CO2 +H2O +O2     (d) 

6[Al(NO3)3∙9H2O] + 5С6Н8О7 = 

= 3Al2O3 + 9N2 + 30CO2 + 74H2O     (e) 

2[Ni(NO3)2∙6H2O] + 4[Al(NO3)3∙9H2O] + 

+ 5С6Н8О7 + 2HNO3 = 2NiAl2O4 + 9N2 + 

+ 30CO2 + 69H2O  (f) 

Ni + O2 = NiO +1/2O2      (g) 

C6H8O7 = C5H4O3 (citraconic/itaconic anhydride) +  

+ CO2 + 2H2O   (h) 

At the Al2O3 interface: 

2Al2O3 + Ni2+ = NiAl2O4 + 2Al3++ 2O2-        (i) 

At the NiO interface: 

2NiO + 2Al3+ + 2O2- = NiAl2O4 + Ni2+        (j) 

Similar to the IR spectrum of XCP (N) [1], the spec-
tra for XCP (A) and XCP (NA) shown in Fig. 7 indi-
cated that the redox reaction was not completed due 
to the presence of nitrate group residues (~1385- 

 

 
Рис. 5. ТГ/ДСК и масс-спектральные кривые для ПГК (A) 

Fig. 5. TG/DSC/MS curves for XCP (A) 

 

1383, ~1630 cm-1), carboxyl groups (1642-1615 cm-1 

для νas(C-O)) with the superimposition of adsorbed 

water vibrations 1454-1400 cm-1 for νs(COО) and 

δ(СН3). The band 1088 cm-1 (Fig. 7, c) and the inflec-

tion at 1082 cm-1 (Fig. 7, b) could be attributed to the 

M-OH deformation vibrations, as well as the Al–O–C 

bond [10]. Vibrations of M-O bonds absorbed in the 

region of 800-450 cm-1. The stretched set of absorption 

bands in the region of about 520 cm-1 (Fig. 7, a) could 

indicate Al-O bonds in the γ-phase [39]. Bands 570-

500 and 800-670 cm-1 related to vibrations of octahe-

dral AlO6 and tetrahedral AlO4 groups, respectively. In 

addition, the 570-470 cm-1 band could be attributed to 

Ni-O communication vibrations [35, 40]. Based on this, 

it could be assumed that the product formed as a result 

of combustion (as-prepared and after annealing) was a 

partially inverted spinel in a similar way [41], in which 

Al3+ ions are in both octahedral and tetrahedral posi-

tions. The characteristic frequencies of the Al–O–Ni 

vibrations (450-850 cm-1) also indicated the formation 

of a spinel structure NiAl2O4 [24]. In [42], bands 715, 

600, 495, and 447 cm–1 were indicated, which were 

characteristic of symmetrical stretching, bending, and 

symmetrical stretching vibrations of Ni–O, Al–O, and 

Ni–O–Al bonds in tetrahedral and octahedral positions.  

Figs. 8, a, b show agglomerated particles of 

XCPs (NA) with a size of 100 to 700 nm. 

 

 
Рис. 6. ТГ/ДСК и масс-спектральные кривые для ПГК (NA) 

Fig. 6. TG/DSC/MS curves for XCP (NA) 
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Рис.7. ИК спектры ПГК (A) (a) и ПГК (NA) (b-d) без отжига 

(b) и после отжига при 500 °C (a, c) и 1100 °С (d) 

Fig. 7. IR spectra of XCP (А) and XCP (NA) as-prepared (b) and 

annealed at 500 °C (a, c) and 1100 °С (d)  

 

 
а 

 
b 

Рис. 8. СЭМ-изображения ПГК (NА) без отжига (a) и после 

отжига при 700 (b) 

Fig. 8. SEM images of XCPs (NA) as-prepared (a) and after an-

nealing at 700 (b) 

The specific surface area (SBET) obtained by 
low-temperature nitrogen adsorption as well as the equiv-
alent sizes of dBET crystallites for combustion products 
are shown in the Table. For comparison, data are pre-
sented for as-prepared XCP and annealed products, in-
cluding the data obtained by us [20] for the combustion 
of XCP (A) with succinic acid (SA) as fuel. 

The equivalent sizes of crystallites were calcu-
lated according to the equation: 

dBET = 6000/(ρ·SBET), 

where ρ is the true density of the corresponding sub-
stance, g/cm3.  
 

Таблица 

Удельная площадь поверхности и размеры кристал-

литов для продуктов горения 
Table. Specific surface area and crystallite dimensions 

for combustion products 

Product 
Annealing  

temperature, °С 
SBET, m2/g 

dBET, 

nm 
ρ, g/cm3 

XCP (А)  

with CA  

– 168  20 9.7  

700 136  12 12 3.68 (γ) 

1100 38  3  40 3.98 (α) 

XCP (А) with 

SA [20] 

700 117  5 14 3.68 (γ) 

1100 21  3 72 3.98 (α) 

XCP (N) with 

CA 

– 72  4 11 7.45 

700 59  3 14 7.45 

XCP (NA) 

with CA 

– 85  10 16 4.50 

700 74  8 18 4.50 

 
The data obtained indicated a slight decrease 

in the specific surface area (by 13-19%) and an in-
crease in the size of crystallites (by 13-27%), as well 
as their agglomerates (Fig. 8) as a result of heat treat-
ment at 700 °С. Only a higher temperature (1100 °C) 
led to a significant reduction in the interfacial surface 
(4-5 times). 

Subsequently, the synthesized XCP (A) was 
used for the synthesis of nickel-aluminate spinel, and 
the kinetics of solid-phase reactions of NiAl2O4 for-
mation with the participation of XCPs was studied. 

CONCLUSION 

Xerogel combustion products (XCPs) were ob-
tained from a mixture of aluminum nitrate and citric 
acid (XCP (A)) and from a mixture of aluminum and 
nickel nitrates with the addition of citric acid (XCP 
(NA)) for the subsequent synthesis of nickel aluminate 
spinel. With the help of X-ray diffraction, it was shown 
that the as-prepared XCP(A) was amorphous. After 
heat treatment at 700-900 °C, a crystalline phase in the 
form of γ-Al2O3 was detected, which at 1100 °C turned 
into single-phase corundum α-Al2O3. Signs of NiAl2O4 
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were manifested in as-prepared XCP (NA). Single-
phase spinel (without NiO impurity) was obtained as a 
result of annealing at 1100 оС. 

The maximum values of the combustion tem-
perature have been established: 429 °C for XCP  (А) 
and 468 °С for XCP (NA). The composition of gaseous 
products released in redox reactions was determined. 
The IR spectra of as-prepared XCPs and after anneal-
ing were analyzed. The specific surface area values as 
well as the equivalent sizes of dBET crystallites for com-
bustion products are calculated. 
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