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Abstract

LaCrOjand Lag Cag {CrO; ceramics were synthesized in the modified glycine nitrate process (MGNP). The effect
of the equivalence ratio ® of precursor mixtures on the combustion reaction was investigated by means of DSC and
TG-FTIR analyses. It was found that for ®_ > 0.65 the combustion reaction proceeds in a self-propagating one-step
process, resulting in the formation of well-crystallized single-phase powders. Further glycine addition (®. < 0.65) leads
to sluggish multi-step combustion, which is typical for fuel-rich combustion, and the formation of secondary phases
such as La,CrO,. Furthermore it could be found that the ignition temperature of the precursors rises with rising fuel
content. Aninfluence of the equivalence ratio on the specific surface area and particle size of synthesized powders could
not be detected. The specific surface area of the powders was in the range of 5 - 10 m?/g and particle size 100 - 150 nm.
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I. Introduction

Lanthanum chromite, LaCrO3, isarefractory oxide with
distorted perovskite structure 1. Owing to their high elec-
trical conductivity and high-temperature stability in ox-
idizing and reducing atmospheres, lanthanum-chromite-
based ceramics have been investigated extensively as inter-
connectors in solid oxide fuel cells (SOFC) 23,4, as heat-
ing elements at high temperatures > 1450 °C in oxidizing
atmosphere 567 and as hot electrodes for MHD power
generation 8. In an oxidizing atmosphere, vaporization of
the chromium species gives rise to poor sinterability 2. The
main strategies to improve the sinterability of LaCrO;
are (1) sintering in a reducing atmosphere 10, (2) use of
nanoscale powders with high sintering activity 11, (3) Cr-
deficient stoichiometry 12,13 (4) doping with earth alkali
metals 11,14 and (5) use of sintering aids such as strontium
vanadate 13.

Nanoscale powders with a high specific surface area and
high packing density may enhance the sintering activity
of ceramics. Nanoscale perovskite powders can be syn-
thesized in the glycine nitrate process (GNP) 16, In this
process, metal nitrates and glycine are dissolved in wa-
ter. Glycine complexes the metal ions with its carboxylic
acid and amine group (zwitterionic glycine), to prevent
selective precipitation during water evaporation. Further-
more, glycine serves as fuel that is oxidized by the ni-
trate groups. Heating up the aqueous solution leads at first
to evaporation of water and at approximately 180 °C to
spontaneous combustion of the viscous liquid, resulting
in the formation of an ash containing the perovskite reac-
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tion product. Depending on glycine/nitrate ratio, this high
exothermic redox reaction reaches flame temperatures up
to 1450 °C and is completed in a few seconds. The peak
flame temperature (maximum energy release) is reached at
astoichiometric glycine/nitrate ratio of 0.56, forming only
H,0, CO, and N, with no atmospheric oxygen being re-
quired 16. An example of this combustion reaction for syn-
thesis of perovskite oxides (A3+B3+O;) can be described as
follows:

3A(NO3)3 + 3B(NO3)3 + 1OC2H5N02
— ABO3 + ZSHZO + 20C02 + 14N2

(M

Compared to the mixed oxide route, GNP isa fastand sim-
ple method to produce nanoscale (550 nm particle size)
single- 17:18,19 and multi-oxide powders 20,21,22,23 with
a high specific surface area and homogeneous composi-
tion 16. Owing to its high exothermic nature and high
amount of released gases, however, this reaction is diffi-
cult to control. Boskovi¢ et al. modified the glycine ni-
trate process with partial substitution of nitrates by ac-
etates (MGNP) 20 in order to reduce the reaction rate and
to facilitate reaction control. For the glycine nitrate pro-
cess a lot of work has been done to investigate the influ-
ence of the glycine/nitrate ratio on the combustion reac-
tion and the resulting powder 23,2425, However, owing to
substitution of nitrates by acetates, this work is not trans-
ferable to the MGNP. In order to control the synthesis re-
action, it is essential to understand the effect of partial sub-
stitution of nitrates by acetates. Thus, it is the aim of this
work to investigate the effect of the fuel/oxidant ratio on
the combustion reaction and synthesized LaCrO3-based
perovskite in the modified glycine nitrate process.
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Table 1: Composition and equivalence ratio of used precursors.
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Sample Composition D,

LC-11-0 La(CH;COO0); + Cr(NO;3); 0.7692
LC-11-1 La(CH;COO); + Cr(NO3); + 1 C,H5NO, 0.6538
LC-11-2 La(CH;COO); + Cr(NO3); + 2 C,H5NO, 0.5846
LC-11-3 La(CH,CO0); + Cr(NO3)s +3 C,H5NO, 0.5385
LC-11-4 La(CH;COO); + Cr(NO3); +4 C,HsNO, 0.5055
LC-11-5 La(CH,CO0); + Cr(NO3)s + 5 C,HsNO, 0.4808
LCC-911-0 0.9 La(CH3COO);5 + 0.1 Ca(NO3);5 + Cr(NOj3); 0.8427
LCC-911-1 0.9 La(CH;COO); +0.1 Ca(NO3); + Cr(NOs); + 1 CHsNO, 0.6996
LCC-911-2 0.9 La(CH3COO);5 + 0.1 Ca(NO3);3 + Cr(NO3); +2 C,HsNO, 0.6169
LCC-911-3 0.9 La(CH;COO); +0.1 Ca(NO3); + Cr(NOs); + 3 CHsNO, 0.5630
LCC-911-4 0.9 La(CH3COO);5 + 0.1 Ca(NO3)3 + Cr(NO3); +4 C,HsNO, 0.5251
LCC-911-5 0.9 La(CH;COO); +0.1 Ca(NO3); + Cr(NO3); + 5 C,HsNO, 0.4970

II. Experimental Procedure

(1) Powder synthesis

Starting chemicals for LaCrO3 and Lag 9Cag ;CrO; syn-
thesis were glycine (Merck), lanthanum acetate sesquihy-
drate (Alfa Aesar, 99.9 %), calcium nitrate tetrahydrate
(Merck, ACS) and chromium nitrate nonahydrate (Sig-
ma Aldrich, 99 %). All starting chemicals were dissolved
in water and the concentration of metal ions of aqueous
solutions was controlled by means of ICP spectroscopy
(Spectro, Genesis SOP). Stoichiometric amounts of met-
al ion solutions were mixed and placed in a high heat-re-
sistant steel reactor. The aqueous precursor solution was
heated up to 800 °C at a heating rate of 10 K/min and held
for a half hour. Owing to partial substitution of nitrates
by acetates, the glycine/nitrate ratio of the precursor is no
longer meaningful. Therefore, it is more practical to eval-
uate the precursor mixtures based on an equivalence ratio
D, 26,

X% n”
- (_1)2_:ZIX;ed .m+ (2)

€

where x¢* and x7¢¢ denote the coefficient of oxidizing and
reducing elements and n- and m+* the corresponding va-
lences. La, Ca, Cr, C and H were set as reducing elements
and O as oxidizing element. N was always considered as
neutral, assuming that nitrogen reacts only to N,. The va-
lence of the oxidizing elements was considered as negative
and valence of the reducing elements as positive. An equiv-
alence ratio @, = 1 represents a stoichiometric mixture,
@, > 1 fuel-lean and @, < 1 fuel-rich conditions, respec-
tively. The composition of precursor mixtures and their
equivalence ratio @, are summarized in Table 1.

In order to study the exothermicity of the synthesis pro-
cess, depending on glycine content, the enthalpy change of
combustion reaction was calculated with Equation (3),

0_ 0 0
AH"= Z n- AHf products h Z n- AHf reactants (3)

with nas the number of moles and AH? as the standard en-
thalpy of the formation of reactants and products respec-
tively. For simplification, oxygen excess from air was con-
sidered as high enough for complete combustion to pro-
duce only H,O, CO, and N, for all precursors. Adiabat-
ic combustion temperature of reactions was calculated ac-
cording to Equation (4),

Ta
AHO +/ ‘ Z (Il . CP)productsdT =0 (4)
To

where AHO is the enthalpy change of reaction,
Ty=298.15K (25°C), ¢, the heat capacity and n the
moles of corresponding reaction product. The adiabatic
flame temperature is the theoretically maximum temper-
ature that can be achieved for given reactants, considering
that reaction proceeds under adiabatic conditions and no
energy is lost. Under these assumptions, the complete
AHO is consumed by the specific heat capacity of reaction
products, whereby these are heated up to T,4. All neces-
sary thermodynamic data for calculation of AH® and T 4
are summarized in Table 2.

(2) DSC and TGA-FTIR analyses

Small amounts of aqueous precursor solutions were
dried in a drying chamber at 110°C. The resulting gels
were used for DSC (Du Pont Instruments, 910 DSC)
and TGA-FTIR (Netzsch, TG 209 F1; Bruker, Tensor
27) analyses. TG-FTIR analyses were conducted only on
LCC-911 precursors, because no difference in the degra-
dation products to LC-11 is expected. Measurements were
conducted up to 600 °C (DSC) and 900 °C (TGA-IR) with
aheating rate of 10 K/min in air atmosphere. For compari-
son, TGA-FTIR was also conducted on all pure chemicals
in the same conditions.
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Table 2: Thermodynamic data of reactants and reaction products.

Products

Reactants AH? ¢
[k]/mol] [J/mol-K]

LaCrOj;(s) -1534.4  119.300+12.050-10-3-T-14.640-105-T-2
H,O (g) -241.8 31.437+14.105-10-3-T-24.952-105-T-2-1.832-10-6-T2
CO,(g) -393.5 54.435+5.116-10-3-T-43.578-105-T-2-0.806-10-6-T2
N, (g) 0.0 23.529+12.116-10-3-T+ 1.210-105-T-2-3.076-10-6.T2

La(CH;COO); (s) -2208.8

Cr(NO3); (s) -858.2

C,HsNO, (s) -528.1

(3) Powder characterization

The phase composition of the synthesized powders
was characterized by means of X-ray powder diffrac-
tion (Siemens, Kristalloflex D500) in an angle range of
5-70°. Cu-Ku radiation with a wavelength of 0.154 nm
was used. The density was measured with a He-pycnome-
ter (Micromeritics, AccuPyc 1340) and the specific surface
area with the nitrogen adsorption method (Micromeritics,
ASAP 2000). The particle size was calculated from density
and specific surface area data, assuming that particles are
ideally spherical.

III. Results and Discussion

(1) Combustion of precursors

TGA-IR and DSC were used to determine the decom-
position of the precursor mixtures used in order to com-
prehend the combustion process. In Fig. 1, the ignition
temperature of precursors is shown as a function of @..
Thereby, the ignition temperature was defined by the
temperature of the first exothermic peak value in the DSC
curve, related to combustion of organic compounds. It
can be seen that the rising approach to stoichiometric
precursor composition (@, = 1) reduces the ignition tem-
perature, with the exception of LC-11-0 and LCC-911-0.
The essential reduction of the ignition temperature with
rising @, may be explained by higher reactivity, owing to
the higher oxygen content in the precursor for necessary
combustion 27. Although precursors LC-11-0 and LCC-
911-0 have the highest @, their ignition temperatures are
the highest too. This could be explained by selective pre-
cipitation of raw materials owing to the missing glycine.
Glycine-metal complexes enhance the uniform mixture
of reactants in the precursor at the atomic or molecular
level. Thus, the nucleation process can occur as a result
of the rearrangement and short diffusion path of nearby
atoms and molecules during the combustion process 28,
resulting in a reduced ignition temperature in contrast to
precipitated reactants.
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Fig. 1: Ignition temperature as function of equivalence ratio.

TG/DTG and DSC curves of precursors LCC-911-0, -1
and -3 are shown in Fig. 2. The curves of other precur-
sors are not presented because they do not differ signifi-
cantly from that of LCC-911-3. A clear difference in the
combustion process of these three precursors can be seen.
Combustion of the glycine-free precursor LCC-911-0(A)
takes place in several steps. Up to temperatures of 273 °C,
water is evaporated. At approximately 244 °C, combus-
tion of the organic compounds starts. In aqueous solu-
tion acetate groups form acetic acid, which evaporates and
decomposes with rising temperature according to Reac-
tion (5). Atapproximately 300 °C, further oxidation of the
acetic acid takes place according to Reaction (6),

C2H402 + 202 — 2C02 + Hzo (5)
k C2H4OZ —
k-1 (6)
k CH, +1CO, + (k-1)CO + (T) 0,

with k and | as the coefficient of the glycine and formed
carbon dioxide on condition that I<k . With a further in-
crease in temperature, only Reaction (5) occurs. Nitrate
ions, which actas an oxidizer, decompose according to Re-
action (7),

mNO3; —

nN; +0oNO, +pNO + (M

2 ) O2 v
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with m as the coefficient of the nitrate ions and n, 0 and p
as the coefficient of the formed N,, NO, and NO, respec-
tively, provided that 2n + o0 + p = m. Up to temperatures of
400°C, NO, and NO could be detected. Higher temper-
atures seem to enhance the formation of NO,.
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Fig.2: TGA and DSC curves of precursor LCC-911-0 (A), LCC-
911-1 (B) and LCC-911-3 (C).

Precursor LCC-911-1(B) decomposes atabout 200 °Cin
a self-propagating one-step process. Thereby, acetate ions
decomposeaccording to Reactions (5) and (6). The decom-
position of the nitrate ions follows Reaction (7) with the
limitation that o = 0. Release of N, and O, is probable
but cannotbe detected by FTIR- spectroscopy inair atmo-
sphere. Possible combustion reactions of glycine are pre-
sented by (8) and (9), with r, s and u as the coefficient of the
glycine and formed CO, and NO respectively, on condi-
tionthat2s <rnu <7.

®)
r C2H5NOZ + 02
rNH; +sCO; + (2r-s) CO+rH20
rCH;NO, + S22 o,
)

sCO, +(2r-5)CO +2. SerO+uNO+( )N2

Precursor LCC-911-3 (C) decomposes at about 216 °C
in a sluggish multi-step process. Acetate ions decompose
according to Reaction (5) and nitrate ions according to Re-
action (7). Oxidation of glycine takes place according to
Reactions (8)and (9), similar to precursor LCC-911-1.For
the weightloss atapproximately 790 °C no gaseous species
could be detected. This decomposition step could be as-
signed to oxygen release of the formed intermediate phase
LaCrOy, which is known to proceed in the temperature
range of about 700 °C 14, according to Reaction (10).

LaCrO4 — LaCrO; — 050, (10)

Similar combustion behavior of fuel-rich glycine-nitrate
precursors for Lag,Cag3CrOj5 synthesis was described
by Nair et al. 27. They found a single-step decomposi-
tion behavior of stoichiometric and slightly fuel-rich pre-
cursors and sluggish multi-step combustion for further
fuel addition. The ignition temperature was also higher for
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the precursor with higher fuel content. This suggests that
modification of the glycine nitrate process by partial sub-
stitution of metal nitrate by metal acetate 29, in order to
facilitate reaction control, reduces the reaction rate of the
combustion reaction owing to the fuel richness of the pre-
cursor, comparable to fuel-rich glycine-nitrate precursors.

Calculated AHO and T 4 of the precursors used are pre-
sented in Table 3. It has to be considered that T 4 is on-
ly a theoretical value and the temperatures reached during
combustion processes are much lower 16. But none the less
T,q 1s used to describe the theoretical potential of a com-
bustion system and to evaluate the effect of variation of fu-
el/oxidizer mixtures on the combustion process. Owing
to the higher fuel content of glycine-rich precursors and
the assumption of enough oxygen access from the atmo-
sphere for complete combustion, AH? and T 4 rise with
rising glycine content. It has to be considered that the used
heat capacities of products for calculation are defined for
the temperature range of about 900-2800 K. Thus, they are
inaccurate for the wide temperature range from 298 K up
to the calculated T, 4, which leads to a defective calculated
T,4- But the trend is meaningful. Calculation of T4 with-
out oxygen excess from the atmosphere was not possible
for precursors LC-11-2, -3, -4 and -5, owing to the high
fuel richness of these precursors. This high fuel richness
leads to the formation of only H, and CO instead of H,O
and CO,, which results in endothermic AHO.

Table 3: Enthalpy of reaction and adiabatic flame temper-
ature of precursors with and without oxygen access from
atmosphere.

With oxygen access Without oxygen ac-
from atmosphere  cess from atmosphere

Sample D, AHO T  AHO Tud
[k/mol] [K]  [k/mol]  [K]
LC-11-0 0.7692 -1899.572 2926 -627.029 1393
LC-11-1 0.6538 -2763.215 3133 -259.336 636
LC-11-2 0.5846 -3626.858 3264 46.544 -
LC-11-3 0.5385 -4490.502 3338 352.424 -
LC-11-4 0.5055 -5354.145 3396 658.305 -
LC-11-5 0.4808 -6217.788 3439 964.185 -

(2) Powder characterization

The phase composition of synthesized powders is
shown in Fig.3. As a result of the heating up to 800 °C,
all powders were well crystallized after synthesis. The
main phase of the powders is LaCrO3 and Lag 9Cag ;O3
for the LC-11 and LCC-911 precursors, respectively.
The precursors without glycine showed a significant
amount of secondary phases such as La,CrOg, LaCrO,
and CaCrOy. LaCrOy is an intermediate phase during
LaCrOj; formation, which decomposes according to Re-
action (10) to LaCrOj5 at temperatures >700 °C 14, The
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Fig. 3 : Phase composition of synthesized powders.

LaCrOy content in the powder denotes that the com-
bustion temperature and/or holding time at 800 °C was
not high enough for complete reduction of LaCrO, to
LaCrOj. CaCrOy formation is due to the limited solu-
bility of Cain LaCrOs lattice at low temperatures 2%. Ian-
culescueral. 30 described La,CrO¢ formation during syn-
thesis of LaCrO3 by solid state reaction owing to the trend
of chromium to oxidize from Cr3+to Cré+ at temperatures
<1000 °C. At higher temperatures, La,CrO¢ decompos-
es to LaCrO;. Zupan et al. 31 also explained La,CrOg
formation during combustion synthesis of LaCrO3 ow-
ing to low temperatures during synthesis. Glycine-con-
taining precursors showed a rising trend to La,CrOg for-
mation with rising glycine content. This trend is higher
for Lag 9Cag 1CrOj than for LaCrOj3. Although reaction
enthalpy and adiabatic flame temperatures rise with in-
creasing glycine content, the temperature during synthesis
seems to decrease. A possible explanation could be found
in a different reaction mechanism. As shown in Fig. 2, the
glycine-containing precursor LC-11-1 combusts in a self-
propagating one-step combustion process. So the whole
reaction enthalpy is released at one point, resulting in the
generation of a high temperature which could suppress
secondary phase formation and/or decompose secondary
phases such as La,CrOy. Increasing glycine content leads
to a sluggish multi-step combustion process which is typ-
ical for fuel-rich combustion 32, where the reaction en-
thalpy is released in several steps. So the maximum tem-
perature that can be achieved is decreased. An addition-
al calcination process at temperatures > 1000 °C could be
used for decomposition of La,CrOy, but would also lead
to particle growth and thereby cancel the advantage of the
small particle size of combustion synthesis. So it is more
practical to avoid La,CrO formation during synthesis.

Table 4: Density, specific surface area and calculated parti-
cle size of synthesized powders.

Sample Density Specific Average
Surface Area  Particle Size
[g/cm3] [m?/g] [nm]
LC-11-0 6.69 6.0 150
LC-11-1 6.98 7.3 119
LC-11-2 6.83 6.5 135
LC-11-3 6.68 9.5 94
LC-11-4 6.70 6.6 135
LC-11-5 6.78 7.1 124
LCC-911-0 5.78 5.7 181
LCC-911-1 6.35 5.8 164
LCC-911-2 6.38 6.2 153
LCC-911-3 6.16 6.3 154
LCC-911-4 6.26 5.7 168
LCC-911-5 6.33 7.3 130

The measured specific surface area, density and calculat-
ed average particle size are shown in Table 4. It has to be
taken into account that the average particle size was calcu-
lated on the basis of certain assumptions. The biggesteffect
on possible error in the calculation is the particle shape. In
this work it was supposed that particles are ideally spher-
ical. As seen from other works, powders synthesized by
GNP are near to this spherical shape, but an exact devia-
tion is not known 33. Furthermore it has to be considered
that measurement of the specific surface area with the BET
method is defective 34, owing to the required simplifica-
tion for the calculation of the surface area by this method.
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So the absolute values of the specific surface area and aver-
age particle size are not meaningful, but they are suited for
comparison between the synthesized samples. There is no
recognizable trend, neither within a series nor between the
series. For the measured density ithas to be considered that
most samples contain small amounts of secondary phases.
So, the measured density is an averaged density depend-
ing on amount and type of secondary phases. Generally,
the measured specific surface area is lower and thus the
particle size larger than reported elsewhere 3! for combus-
tion-synthesized lanthanum-chromite-based perovskites.
A reason could be the experimental procedure applied. In
contrast to other works, the precursor gel was not heated
onahot plate up to the point of auto ignition, but heated in
a furnace up to 800 °C and held for a half hour. This could
be seen as a combination of synthesis and calcination. This
exposure to high temperature may lead to particle growth
of the synthesized powder.

IV. Conclusions

The influence of the fuel-oxidizer ratio on combustion
synthesis of lanthanum-chromite-based ceramics in the
modified glycine nitrate process was investigated. De-
pending on the equivalence ratio @ of the precursor mix-
ture, different combustion mechanisms were found. For
precursors containing 1 mol glycine (®, = 0.65-0.70), a
self-propagating one-step combustion process was in-
dicated, which leads to well-crystallized single-phase
LaCrO3/Lag9Caq CrO; powder. Further addition of
glycine leads to a sluggish multi-step combustion pro-
cess, which is typical for fuel-rich combustion, resulting
in the formation of secondary phases such as LaCrO, and
La,CrOg¢. Compared to the standard glycine nitrate pro-
cess, modification by partial substitution of nitrates with
acetates enhances the fuel richness of the precursor mix-
ture and leads thereby to a sluggish multi-step combustion
reaction that can be better controlled.
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