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A novel approach for the preparation of molybdenum carbide by solution combustion synthesis
(SCS) or sol-gel combustion synthesis combined by the subsequent fast heating of SCS products
was suggested. Ammonium heptamolybdate (AHM) and organic reducers (glycine, alanine, glucose,
etc.) were used as starting materials. To provide sufficient exothermicity and self-propagation of
interaction in the AHM-organic fuel systems, ammonium nitrate was utilized as an auxiliary oxidant
and reaction was performed at a regulated flow of gaseous oxygen. SCS temperature and products
composition were managed by the AHM-organic fuel ratio, the flow rate of gaseous oxygen and
quantity of ammonium nitrate. Solution combustion synthesis method allows to directly produce
molybdenum carbide only from the AHM-glycine system. In the other systems studied carburization
process was stimulated by adding certain amount of carbon to the SCS product and fast heating
(100°/min) up to 1200°C with retention time 140 s.

Figs. 4, Table 1, references 26.

Nanomaterials have attracted worldwide interest for more than 20 years in
many practical applications, such as magnetic data storage materials, energy
conversion and storage technologies, in heterogeneous catalysis due to their unusual
chemical, magnetic, electronic and optical properties. There are many methods to
prepare nanomaterials, e.g. high-energy milling, hydrothermal and sol-gel synthesis
approaches. The major problems associated with these techniques are either the
process duration or the difficulties in achieving the desired product phase
composition [1-3].
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Exothermic reactions, especially solution combustion synthesis (SCS) or sol-gel
combustion synthesis serve as a promising route for rapid and direct synthesis of
nanomaterials [4-13]. SCS involves self-sustained reactions in a solution of metal
containing oxidizers (typically metal nitrates) and a fuel, e.g., water-soluble organic
amines, acids, amino-acids, etc. SCS begins from an aqueous solution, which
guarantees a molecular-level mixing of reactants and high specific surface area of
products as a consequence of the large amount of gases produced during the
synthesis process [7-9].

In SCS, the phase composition, morphology, particle size and specific surface
area of products can be controlled by adjusting the fuel/oxidizer ratio.

This form of sol-gel combustion offers various unique features for material
synthesis. The reaction is completed within a short time (on the order of seconds)
with maximum temperatures ~1500 °C that facilitate formation of crystalline
material. This approach has been used for synthesis of a large number of binary and
complex oxides, some transition metals (Ni, Cu, Fe) and alloys [14-16].

Moreover, the synthesis of non-oxide compounds (carbides, nitrides, borides,
etc.) nanopowders by SCS method has not been studied yet.

In this work, we aim to study SCS of Mo,C using available Mo(VI) salt,
namely ammonium heptamolybdate (NH4)¢Mo0;0,4-4H,0), and organic fuel (e.g.,
glycine, alanine, urea, melamine, urotropin, citric acid, glucose) that would satisfy to
the main conditions of SCS - sufficient exothermicity and self-propagation of
interaction. Note that nanostructured molybdenum carbide (Mo,C) has been
investigated intensively due to the exceptional catalytic activity and selectivity in a
number of reactions, such as hydrogen transfer reactions of alkanes, cycloalkanes
and long-chain alkadiens, methane reforming, ammonia synthesis, water-gas shift
reaction, etc. [17-20]. Especially catalytic properties of molybdenum carbide are
usually preferable as compared to the noble metal catalysts in selectivity, stability
and resistance to poison [20,21]. It is worthy to note that according to literature data,
Mo(VI) forms chelates (complexes) with a number of aminoacids, amides and
caboxylic acids increasing salt’s solubility which is substantial for the preparation of
saturated solutions for SCS [22-24]. Moreover, as a result of chelates formation, the
oxidizer and reducer become chemically bonded, which will promote the formation
of highly homogeneous nanostructure of final product.

Experimental

The salt of molybdenum precursor together with organic fuel was dissolved in
appropriate amount of deionized water to obtain saturated solution. pH of solution
was regulated by adding certain amount of ammonia. For the increasing of reaction
enthalpy NH4NO; was utilized as an auxiliary oxidant, which in addition to
significant influence on temperature regime, essentially enlarge the area of Mo,C
formation. In some cases solution combustion reaction was performed in the
regulated flow of gaseous oxygen to increase the exothermicity of interaction.
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Precursor’s homogenous mixture is filled into the quartz glass, and heated on an
electrical heater. After much of the water has been evaporated, a viscous liquid
forms (sol, then gel) which is autoignited at >200°C (so called volume combustion)
accompanied by release of gas and smoke. To follow the reaction in different
thermal modes the temperature-time measurements were made by chromel-alumel
thermocouple. The initial reagents and obtained nanopowders were characterized by
modern analytical techniques: XRD analysis (DRON-3.0 diffractometer), absorption
analysis (Micromeritics Gemini V1), optical (Jenavert) and scanning electron (BS-
300) microscopes and thermal analysis setup (high speed temperature scanner
(HSTS-1, IChPh NAS RA) [25]. The latter allows to perform non isothermal studies
at heating rates (V) from 20 to 10000°/min, T,.=1300°C, thus providing wide
possibilities to explore the reactions’ mechanism at high heating rates.

In this work HSTS-1 setup was used to heat SC products by a given 100°/min
rate up to 1200°C and kept at this temperature for 2-3 minutes to promote
carburization of the SCS products.

Results and discussion

Thermodynamic consideration

For the thermodynamic analysis of sol-gel combustion processes ISMAN-
THERMO software package was used, which allows to calculate both the adiabatic
combustion  temperature and  equilibrium  products composition  [26].
Thermodynamic calculations were performed in the AHM-fuel (glycine, alanine,
glucose, urotropin, urea, melamine, citric acid) systems at the presence and absence
of ammonium nitrate and/or oxygen. Calculations ascertain the possibility of
molybdenum carbide formation by the sol-gel combustion synthesis from the
carefully selected initial mixtures. Moreover, at chosen certain conditions Mo,C is
the only condensed product and its formation is accompanied with large amount of
gas release (about 100-200 liters per 1 g Mo,C).

Thermodynamic calculations also showed that in addition to the three main
gaseous products (CO,, N,, H,0), the formation of which is usually considered in
the literature at SCS of various nanomaterials [8], significant amounts of other gases
(CO, CHy4, H,) also are formed. Taking into account these circumstances, two
tunable parameters (o1, @) were introduced to describe such type of mixtures and
reaction stoichiometry. As an example below the reaction in AHM+glucose system
is presented:

(NH4)§M070,4-4H,0 + ¢1CeH1,06 + 920,(NH4NOz)—
—>M02C + CO/C02 + CH4+ H2 + HZO + N2

According to thermodynamic consideration in the AHM-@;CgH1,04-92NH;NO3
system (where ¢; and ¢, are the moles of fuel and oxidizer per one mole of AHM) at
certain narrow range of parameters (p;=45-58 and ¢,=90-100) the reaction may
yield Mo,C powder within the temperature interval 590-620°C (Fig. 1a). The yield
of only condensed product — molybdenum carbide accounts for 1-2%, and the
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remaining all substances are gases. Outside the area of Mo,C formation, the reaction
condensed products are multiphase and contain mainly MoO, & MoOs3, as well as a
mixture of MoO, & Mo,C. When using oxygen as supplementary oxidizing agent, it
becomes possible to expand the range of molybdenum carbide formation by the
temperature (700-850°C) and initial mixture composition (;=20-50 I ©,=30-93
(Fig. 1b)).
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Fig. 1. Thermodynamic calculations in the (NH4)sM07024'4H,0-¢1CsH1206-92NH4NO3(a) and
(NH4)6M07024'4H20-(p1C6H1206-(p202(b) Systems.

According to thermodynamic consideration in the next system (AHM-glycine),
at certain range of parameters (p;=40-50 and ¢,=30-45) the reaction may yield
molybdenum carbide, Mo,C, at 600-800°C temperature interval. At that, the Mo,C is
the sole condensed product. In this case also, outside the area of Mo,C formation,
the condensed products of interaction are multiphase and contain mainly MoO, &
MoOQ3, as well as a mixture of MoO, & Mo,C.

SCS experiments in the AHM-organic fuel systems

Based on preliminary thermodynamic calculations experiments were performed
in a variety of systems. The table 1 below represents the SCS temperature and
product composition at the presence and absence of ammonium nitrate and oxygen
flow in the AHM-glucose, glycine, alanine, and melamine systems. SCS products
composition after heating by HSTS setup (Vy=100°/min, Tnx=1200°C) in the
presence and absence of carbon was also shown.
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Table 1

SCS product SCS product after
programmed
after >
Composition of programmed heating in the
LA T, °C SCS product . presence of
initial mixture heating,
PP carbon,
V,=100°/min, —100°/mi
T ~1200°C V,=100° /min,
max Tmax=1200°C
AHM+15C;HgNg+ No MoO B B
30NH,NO; combustion 3
AHM+24C3HgNg+
A0NH,NO4+O, 800 MoO, MoO, Mo,C, Mo
AHM+24C;HgNg+ Incomplete MoO,,
40NH;NO3+C+0O, | combustion MoO;
AHM+30C;H;NO,+ No . _ _
40NH;NO; combustion
AHM+30C;H;NO,+
40NH,NOs+O, 1220 MoO, MoO, Mo,C
No
AHM#+5CeH1Na | o mbustion
AHM+60CO(NH,), No
+100NH4NO; combustion
AHM+44CgHgO.+ No
70NH4NO; combustion
AHM+60 C,H;NO, No
+100NH4NO, combustion
AHM+60C,H;NO,+ MoO,, Mo,
100NH,NO4+0, 800 Mo,C - Mo,C
No
AHM=*4.5 CeH1206 | o mbustion
AHM+60C5H1205+
80NH,NO;+0, 780 MoO, Mo,C

AHM-glucose system

In the AHM-CgH1,04 system after much of the water has been evaporated, a
viscous liquid forms which is autoignited in the presence of ammonium nitrate in the
mixture and/or due to regulated flow of oxygen, leading to the formation of
molybdenum (IV) oxide, molybdenum and small amount of molybdenum carbide.
Then, appropriate amount of carbon has been added to the product, heated by HSTS-
1 setup at V=100°/min up to 1200°C and held for 140 seconds. As a result, it is
completely converted to molybdenum carbide. Specific surface area of molybdenum
carbide measured by adsorption analysis method was about 10 m?/g. According to
microstructural examinations, combustion product contains particles with submicron
sizes (~ 300 nm) (Fig. 2).
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Fig. 2. Microstructure of AHM+60CgH1,06+
80NHsNO3+O, product obtained at
programmed heating in the presence of
carbon, V=100°/min, Tmax =1200°C

AHM-glycine system

Experiments performed in the AHM-glycine system showed the possibility of
combustion only in the simultaneous presence of ammonium nitrate and oxygen
flow and in the case of their certain ratios (Fig. 3a). The interaction in the AHM-
glycine system leads to the formation of molybdenum oxide, MoO,, molybdenum
and molybdenum carbide (Fig. 3b). It should be noted that without oxygen flow (low
temperatures) molybdenum (V1) is reduced only to MoO,. Hereby, for the complete
conversion of molybdenum carbide, carbon was added to the SCS products and
heated by a given 100°/min rate up to 1200°C and kept at this temperature for 140 s
(Fig. 3c).

T.°C (a) 3 1-MoO,
800 2-Mo
600 - g 33 3-Mo,C
NG 3 3
o 3 s
c
] g 2
200 < (b) 31 1 E 11 2
0 T T T T T 1 T T T T T T 1
0 200 400 ts 600 | 10 20 30 40 50 60 70,480

Fig. 3. SCS thermogram of the AHM - 60C,HsNO; - 100NH4NO3 -O, mixture (a), XRD patterns
of SCS product (b) and Mo,C obtained at programmed heating in the presence of carbon (c).

AHM-alanine system

In the AHM-alanine system the interaction was held under combustion mode
also in the simultaneous presence of ammonium nitrate and oxygen flow. Moreover,
compared with the use of other reducers, in this case the reaction occurs more
rapidly (T.=1230°C). The product of combustion represents molybdenum dioxide,
which by adding carbon and at the fast heating conditions (V;=100°/min,
Tmax=1200°C, retention time 140 s) transforms to molybdenum carbide.
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AHM-melamine system

When melamine is used as organic reducer the solution combustion temperature
is about 800°C (Fig. 4a), and XRD pattern of the quenched sample contains only
characteristic peaks of MoO, (Fig. 4b). At the next step certain amount of carbon
was added to the SCS product and heated by the rate 100°/min up to 1200°C,
holding at this temperature for 140 s. The reaction yields molybdenum carbide and
molybdenum in small (trace) amounts (Fig. 4c). Specific surface area of
molybdenum carbide measured by adsorption analysis method was about 4 m%/g.

T, °C @ 3 1-MoO;,
800 - " 2-Mo
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=
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0 300 600 ts 900 || 10 20 30 40 50 60 70,q80

Fig. 4. SCS thermogram of the AHM- 24C3H¢Ngs - 40NH4NO3 - O, mixture (a), XRD patterns of
SCS product (b) and Mo,C obtained at programmed heating in the presence of carbon (c).

Thus, in the investigated AHM-glycine (alanine, melamine, glucose) systems
interaction can be implemented in the SCS mode by means of additional insertion of
an oxidizing agent, e.g., ammonium nitrate. Moreover, the process should be carried
out under conditions ensuring the flow of gaseous oxygen to govern thermal
conditions of the process. Solutions combustion synthesis method allows to produce
molybdenum carbide at the first stage only from the AHM-glycine system. In the
other studied systems carburization process is stimulated by the subsequent
programmed heating of the SCS product up to 1200°C with V;=100°/min and at
retention time 140 s in the presence of certain amount of carbon.

Solution combustion synthesis combined with the subsequent fast heating of
SCS products generate a novel approach of preparation of molybdenum carbide,
using ammonium heptamolybdate and organic reducers (glycine, alanine, glucose,
etc.) as starting materials. It has been shown that SCS temperature and composition
of the products can be governed by changing the AHM-organic fuel ratio, the type of
organic reducer, the rate of gaseous oxygen flow and quantity of ammonium nitrate.
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ITpeproskeH HOBBIM IOAXOA AAS IIOAYYEeHUS HaHOIIOPOIIKOB KapOupa Mo-
AUOAEHA IIyTeM CHUHTe3a ropeHueM pacTtBopoB (CI'P) B codeTaHuMu C mocCAe-
AVIOUIMM OBICTPBIM IIPOTPAaMMMPOBAHHBIM HarpeBOM NPOAYKTOB ropeHus. B
KayecTBe HCXOAHBIX MaTePHaAOB OBIAM UCIOAB30BaHBI TelITaMOAMOAAT aMMO-
Husa (I'MA) u opraHmuecKue BOCCTAQHOBUTEAU (TAMIUH, aAd@HUH, TAIOKO3a U
T.A.). AAS TOTO, YTOOBI 0OECHeYuTh AOCTATOUHYIO 3K30TEPMUYHOCTH M CaMo-
THOAAEPKMBAIOIIUN XapaKTep B3aMMOAEUCTBUA B cucreMax ['MA-opraHuue-
CKOe TOIIAMBO, B KaueCTBe BCIIOMOTATEABHOTO OKHUCAUTEAS MCIOAB30BaAU
HUTPAT aMMOHUS, a TaK’Ke PeaKIIUIo IPOBOAUAU IIPU PEryAHPYeMOM IIOTOKe
razoob6pasHoro Kucropopa. CuHTe3 ropeHueM pacTBOPOB IIPUBOAUT K IIOAY-
JYeHUI0 KapOupa MoAMOAeHa HemocpeAcTBeHHO Bo Bpemsi CI'P cmecu 'MA-
TAMIIMH. B APYTHX M3y4eHHBIX CHCTeMaX IIpollecCc KapOWAM3aIuu CTUMYAU-
poBaacs OvlcTpBIM HarpeBoM IpoAyKTa CI'P po 1200°C co cKOpoOCThIO Harpe-
Ba 100°/mun 1 ipu BpeMeHU yaep>kuBaHUS 140 ¢, B IPUCYTCTBUU OIPEAEAEH-
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HOrO KOAMYECTBa yraepoaa. TeMmepaTypy u cocraB IpoAyKToB CI'P peryanm-
poBaau, u3dMeHda cooTHoumeHue 'MA-opraHndyeckoe TOIAUBO, CKOPOCTH IIO-
TOKAa ra3000pa3HOro KMCAOPOAA U KOAUMYECTBO HUTPATA aMMOHUS.
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