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ABSTRACT

Thethermal decomposition processestaking placein the solid state oxalate
mixture of CoC,0,.2H,0-NiC,0,.2H,0 (1:2 mole ratios) in air have been
studied using TG-DTG and DSC techniques. The parent mixture and mixtures
calcined at different temperaturesin air were characterized using XRD and
FT-IR techniques. The Kinetic analysis of the thermal decomposition of the
binary oxalates mixture was performed by Controlled Rate Therma Analysis
technique under residual partial pressure of 10°hPa. The activation energy
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for each decomposition step was measured experimentally and the possible

conversion function f(a) was investigated.
© 2008 Trade Sciencelnc. - INDIA

1.INTRODUCTION

Investigation of chemical, physica and structural
properties of mixed metal oxides have found very
important gpplicationsin new technologies. They canbe
used as prospective material sfor magnetic recording,
many e ectronic components, sensors, cataystsaswell
asthehigh-temperature superconductors.

Cobalt-based perovskite-type oxides are being
increasingly gpplied todectronicand magneticmaterids,
aswel| asto automotiveexhaust catdystsand el ectrode
materiasfor fud cells.

Initsreduced form nickel oxide hasbeen mainly
used for such reactions asthe hydrogenation of nitriles
(3 and hydrodechl orination of aromatic compounds*d.
El waheb et a1 reported gammairradiation effectson
the electrical conductivity behaviour and thermal
decompositioninduction periodinnicke oxdate. Poizot

et d [ foundthat transition meta oxide, especidly NiO
and CoO, demonstrate high lithium storage capacity.
Thekey factor in obtaining oxideswith different
properties has been the use of different preparative
methods. Intheliterature, we havefound nickel and
cobalt oxideswhich have been prepared with thermal
decomposition of oxdate precursor. Thebinary mixture
of nickel oxalate and cobalt oxalate has not been
investigated asthe precursor’s nickel-based oxide.
Conventiona isothermal and dynamic methods of
thermogravimetric technique have been used for
studying the kinetics of the thermal decomposition
reactions of oxalates. The kinetic of CoC,0,.2H,0
dehydration reaction showed that it is controlled by
phase boundary reaction (R2-R3) mechanism with
activation energy equal to 89kJ.mol-%8, Whereasthe
kinetic of CoC,O, decomposition was showed obeyed
the Avrami-Erofeev (A2) mechanism®. The corres
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ponding activati on energy wasfound depending on the
method of data processing and range from 137 to
250kJ.mol ™.

For thekinetic of anhydrousNickel oxaatedecom
position, it wasfound obeying to A2 mechanismwhen
studied by isothermal method*>*® and to F1*4 or
A48 when studied by rising temperature. Thereported
activation energiesarein therange 121-174kJ.mol .
No datainformation wasfound intheliterature about
thekinetic of thetherma dehydration of NiC,O,.2H,0.

The present work reports astudy of the thermal
decompositions in air of individual cobalt oxalate
crystallohydrateand nickel oxaate crystallohydrate as
well astheir mixturewith moleratiol:2viaTG-DTG
and DSC techniques. Theparent mixturesand mixtures
calcined at different temperatureswere characterized
using XRD and FT-IR techniques to give some
information about the decomposition pathway.

The kinetics of the thermal dehydration and
decomposition of the binary oxa atesmixturewereaso
investigated using controlled rate thermal analysis
techniqueunder low residud partia pressureof 10°*hPa.

2.EXPERIMENTAL

2.1 Materials

Individual metal oxalates were prepared by
preci pitation from aqueous sol utions containing the
calculation amounts of AR metal chloride salt with
equimolar quantity of AR oxdicacid. Thefinepredipitate
obtained werefiltered, washed with distilled water until
freeof chlorideionsand dried. The oxalate precursor
was prepared by physical mixture of CoC,0,.2H,O-
NiC,0,.2H,0 (1.2 moleratio) using theimpregnation
technique” by thoroughly mixingthedesired moleratio
of pure oxalates, then the mixture was dried in a
thermostated oven at 50°C for 2h.

2.2. Experimental appar atus

TG-DTG analyseswere performed, using acom-
mercia apparatus (TA Instruments, Q500). Samples
of theindividua and binary oxalatesmixturewereana-
lyzed & hestingrateof 10K.mintinair flow. Thesample
massinthe Pt cell of thethermogravimetric anayzer
waskept at about 10 mginal experiments.

Thedifferentid scanning caorimetry (DSC) andy-
ses were performed on a Mettler-Toledo DSC822e
(Switzerland). Sampleswereanadyzed at ahegtingrate
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of 10K.min*tinair.

The sample massin the aluminouspan (Shanghal
Balance Plant, 40 ml) was kept at about 5 mg. The
reference pan was pure a uminum pan. Thetempera-
ture and energy of instrument had been calibrated by
standard metd In, beforeall measures.

Thecddinationof theoxdaesmixturehasbeen car-
ried outinaProgrammeableEl ectric Furnace (Nabertherm)
at aheating rate of 10K.min under air atmosphere.

XRD patternsfor the different cal cined samples
were recorded at room temperature by means of a
Bruker X-ray diffraction unit usingaCu target.

Transmission dectronmicroscopy (TEM) andyses
werecarried out usngaTECNAI G? equipment towell
characterizethe synthesized powder. Theloca chemica
compositionwasdetermined makinguseof EDAX.

CRTA experimentswere carried out with 200 mg
sampleweighedinto afused sillicacell whichisplaced
into arefrigerated furnace constructed in house and
operating in thetemperature range from 248K up to
873K. Oncethe equilibrium temperatureisreached,
the pressure above the sample, measured by aPirani
gauge, islowered, using vacuum pumping system from
1 bar to the desired value (10-3 hPain our case). Dur-
ing the CRTA experiment wherethereaction leadsto
the production of avapor, the vapor pressureismea-
sured by aPirani gaugeplaced in proximity of thesample.
The pressure signal produced by the Pirani gaugeis
sent to thefurnace heating controller. The heeting of the
samplethen takes place in such away that the vapor
pressure abovethe sampl e (and upstream the evacua-
tion digphragm) remains constant. A detail ed descrip-
tion of the set-up can befound in™8l,

3. RESULTSAND DISCUSSION

3.1. TG-DTG analyses

TG-DTG curvesfor theindividua oxaatesandthe
binary mixtureareshowninfigure 1. Thethermal de-
composition, inthetemperaturerange up to 973K, of
CoC,0,.2H,0 and NiC,0,.2H.0 proceeds via two
well-defined steps. Thefirg step inthethermal decom-
position of CoC,0,.2H,0 (figure 1a) isadehydration
step, which occurs in the temperature range 400K -
473K. Thewe ght lossaccompanying thisstep amounts
to about 18.90% in accordance with cal culated weight
lossof 19.7% attributed to the complete dehydration.
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Figurel: TG-DTG curvesof CoC,0,.2H,0 (a), NiC,0,.2H,0 (b) and of thebinary mixture(c)

TABLE 1: Themasslossdata and thesuggested productsfor
the decomposition of CoC,0,.2H,0-NiC,0,.2H,0 (1:2mol
ratio) binary mixtureat aheatingrateof 10K.mintinair

Thermal Temperature M ass loss (%) Suggested
step range (K) Calculated Theoretical product
] CoC,0,-
1 404-448 7.02 6.56 NiC,0,.2H,0
CoC,0,-
2 448-497 12.61 13.13 NiC,0,
3 525-579 12.73 12.16  Co30,NiC,0,
4 579-649 26.01 26.26 Co3;0,.NiO

Theanhydrouscobalt oxal ate, decomposed in the sec-
ond step, indicatesaweight lossof 37.27% whichisin
accordance with cal cul ated weight loss of 36.44% due
totheformation of Co,O,.

The first step in the thermal decomposition of
NiC,0,.2H,0 (figure 1b), which occursin the tem-
perature range 428K -505K, shows aweight |oss of
20.42% in agreement with cal culated weight | oss of
19,77% attributed to the formation of NiC,O,. This
latter, decomposed in the second step, givesaweight
lossof 39.59% whichisinaccordancewith calcul ated
weight lossof 39,41% characteristic for the production
of NiO.

Figure 1cdisplaysthe TG-DTG curvesobtained
for CoC,0,.2H,0-NiC,0,.2H.0 (1:2moleratio) bi-
nary mixtureinair at heating rate of 10K.min*. From
the TG curveitisobviousthat theweight islost infour
wel|-defined steps, giving at completedecompositiona
total weight loss of 58.37% which is comparableto
caculated weight loss of 58.11% correspondingtothe
expected conversion of theoxaate mixtureinto Co,O,
NiO physica mixture. Thefirst two stepsarelocated
between 404K and 497K with amasslossof 19.63%,
which correspondsto thelossof crystallization water
for the binary mixture. Thethird step occurs at about
562K with amassloss of 12.73% dueto the decom-
position of anhydrous cobat oxa ate and the last step,

corresponding to thedecompasition of anhydrousnickel
oxaate, isaccompanied by amasslossof 26.01% due
totheformation of nickel oxide (NiO).
Themassdatafor the stepsof thermal decomposi-
tion of thebinary mixtureat aheating rate of 10K.min?
and the suggested productsarelistedin TABLE 1.

3.2. DSC analyses

DSC curvesat aheating rate of 10K.min of the
individud oxaaesand of thebinary mixtureareshown
infigure2. Thetherma decomposition of theindividua
oxa atesoccursintwo steps. Thefirst stepischarac-
terized by an endothermic peaks centered at 481K for
CoC,0,.2H,0 and at 521K for NiC,0,.2H,0. They
are attributed to the dehydration process. The corre-
sponding enthal pies of average molecular weight are
respectively equal to 98.58kJ.mol* and 97.81kJ.
molt. Thesecond step, attributed to the oxidative de-
composition of theanhydrous oxalates, is character-
ized by an exothermic peaks centered at 563K for
CoC,0, and at 631K for NiC,0,. The corresponding
enthd piesof averagemolecular weight arerespectively
equal to 222.15kJ.mol* and 167.27kJ.mol 2.

Thetherma decomposition of the binary mixture
hastwo endothermic and two exothermic peaks corre-
sponding respectively to thedehydration of thehydrated
oxalates and the decomposition of the corresponding
anhydrousoxdates. Thetemperaturesof the DSC pegks
arewd | inaccordance with that of the DTG peaks, so
resultsof TG-DTG and DSC methodsare credible.

Thedatafor the peaksof thermal decomposition
of the binary mixture at aheating rate of 10K.min?in
arisinTABLE 2.

3.3. X-ray diffraction analysis

Thecharacterigtic partsof X-ray powder diffraction
patternsof the parent mixture and itscal cined mixtures
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Figure3: Characterigtic partsof XRD patternsof CoC,0,
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Figure 4: Characteristic parts of XRD patterns of (a)
NiC,0,2H,0 and (b) CoC,0,-2H,0 calcined at 1273K

at 873K and 1273K aredemonstratedinfigure 3. The
parent mixture(figure 3a) gave X RD patternresembles
with those reported in the JCPDS data cards of
CoC,0,.2H,0 (N°25-0250) and NiC,0,.2H,0
(N°14-0742).

The XRD pattern of the mixturecalcined at 873K

TABLE 2: Thedatafor the DSC peaksof thermal decomposi-
tion of thebinary mixtureat aheatingrateof 10K.mintin air

DSC peak TIK AH (kJ.mal™)
468 84.64
519 177.81
569 238,57
629 324.27

(figure 3b) gavethecharacteristiclinesof metal oxide
mixture, NiO-Co,O, (JCPDSN°09-0418 and JCPDS
N°43-1003 respectively).

For themixturecalcined a 1273K (figure 3c), the
peaksrelativeto Co,O, disappear completely and the
intensitiesof therest of the XRD linesincrease, without
changingtheir positions, which wasaccompanied by a
changeinthecolour of themixture compared with that
obtained at 873K. Thesecan beattributed tothegrain
growth and the formation of awell-crystallized solid
solution.

To confirmthat the new phaseobtained at 1273K
isasolid solution and not aphysica mixture of oxides
we have shown in figure 4 the XRD patterns of the
individual oxalatescalcined at 1273K. Infact, figure
4(a) showsthat NiO (JCPDS NP 09-0418) is the final
product however, figure 4(b) shows that Co,O,
(JCPDS N° 43-1003) is the final product. So if the
obtained oxideafter cacination of thebinary mixtureat
1273K was not asolid solution, onewould expect to
observe XRD linesof Co,O, infigure 3c whichwas
not the case. It is now possible to conclude that at
1273K, the two oxides Co,0, and NiO have yet
reacted together toform awel | crystallised solid solution
of CoNi,O,.

3.4. FT-1R spectroscopy
Figure 5 shows the FT-IR spectra of different
calcined mixtures. The parent mixture givesaspectrum

(figure 5a) characteristic for the presence of hydrated
metal oxaates. Thebroad band at 3401 cmtisassigned
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Figure6: Evidenceof Coand Niin asampleof CoNi,O,by
EDAX

to the water of hydration. The band at 1622 cm? is
assignedto asymmetric v(C=0) andtheclosely spaced
bandsat 1362 and 1320 cm areassigned to symmetric
v(C-O). They indicate the presence of bridging oxalates,
with all four oxygen atoms coordinated to the metal
atomg9,

The asymmetric 6(0O-C-O) band appeared at 828
cnt, whiletheband at 485 cmt isassigned to v(M-O)
and symmetric 5(C-C-0). Thesamplecacined at 873K
(figure 5c¢) shows the disappearance of the bands at
3401, 1622, 1362, 1320 and 828 cm'* which suggests
the decomposition of all the oxal ate content and the
formation of the metal oxides. The observed shift to
higher frequency isattributed agai n to the presence of
Co,0,. The absorption band at 451cm™ which
appeared in the spectrum of the mixture calcined at
1273K (figure5d) is characteristic for CoNi,O, solid
solution.

3.5.TEM analysis

TABLE 3: Resultsof compositional analysis

Element Weight % Atomic %
Co 334 333
Ni 66.6 66.7
Total 100 100

The X-ray emission (EDAX) analysis (figure 6)
showsthat only cobalt and nickel €l ementsare present
and that they are found in stoi chiometric proportion
(TABLED3).

3.6. Kinetic study by controlled rate thermal
analysis

It is widely accepted that conventional thermo
gravimetry which subjects samplesto alinear heating
ratecan haveamgjor influenceontheinformation content
of the TG curveand onthe propertiesof thehest treated
products. Thiscan beasourceof irreproducibility and
highlightstheimportancethat Constant transformation
Rate Thermal Analysis (CRTA) can have?*2l, CRTA
permitsacongtant reaction rated ow enoughtominimise
thetemperatureand pressuregradientswithinthereecting
sample and thus results in a more reproducible
experiment,

3.6.1. Theory

For experimentscarried out in “isokinetic” condi-
tions, we can state:
da

ks 1)
with

_ Am
a= Amw (2)

where Am is the sample mass loss at time “t” and Am oo the
final mass loss at time “t.”; the rate of reaction, C, is simply
measured by the reverse of time needed for the reaction to be
completed. Because of the constant rate of evacuation of va-
por, the masslosses are directly proportional to thetime elapsed,
hence, a simple expression of the degree of reaction (or of

advancement) o. can be obtained:

' ©)

wheret, isthetime of the starting time of the CRTA experiment.
Therecording of thesampletemperatureversustime
isthen comparableto a TG recording delivering the
mass|ossversustemperature.
Therateequationfor theisokinetictherma decom-
position of solidsisoftenwrittenintheform:

da -Ea
E= Af (a)exp[ RT } 4
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or il
Ea

R{lnf (o) - |n(ACa)} ®

where Ea is the activation energy, Aa is the pre-exponential
factor and f(a) the conversion function.

Thelatter equation, istherefore, suited for describ-
ing the degree of reaction versustemperature provided
theexperimentiscarried out isokinetically and provided
the reaction studied is characterized by onefunction
f(ct), oneArrhenius activation energy Eaand one pre-
exponentid factor “Aa”.

T=

3.6.2.Data processing

3.6.2.1. Thermal decomposition pathway in CRTA
conditions

The CRTA curve of the binary mixture (1:2 mol
ratio) of oxa ates obtained under residua partia vapor
pressureof 102hPaisshowninfigure 7. Thetempera:
ture curve showsthe sampletemperaturevariation with
time, controlled so as to keep constant the pressure
abovethe sample. Thevariationin dopeof thetem-
perature curve alowsthe delimitation of four decom-
position steps occurring respectively between 344-
367K (A-B), 367-537K (B-C), 537-564K (C-D) and
564-623K (D-E). Thelengthratio of seps(AB), (BC),
(CD) and (DE) is1/2/2/1 respectively.

According tothisresult, thetwo first decomposi-
tion steps (AB) and (BC) correspond to the complete
dehydration of CoC,0,-2H,0and NiC,O,.2H,Ore-
spectively, whereas steps (CD) and (DE) correspond
to thedecomposition of theanhydrousNickel oxaate
and cobalt oxal ate respectively.

The percentage of masslossat 623K isfoundto
be 100 Am/m =68.40%; thisiscomparableto thetheo-
retical massloss (67.83%) corresponding to thefol-
lowing steps:

Step (AB): CoC,0,.2H,0(s) -CoC,0,(9)+2H,0(g)
Step (BC) : NiC,0,2H,0(s) — NiC,0,(s) + 2H,0(g)
Step (CD) : NiC,0,(s) — Ni(s) + 2CO,(9)

Step (DE) : CoC,0,(s) — Co(s) + 2CO,(g)

Thus, theatmosphere surrounding thesampleaong
steps(AB) and (BC) isformed only by thewater vapor
generated by the sampleitself whereasa ong steps (CD)
and (DE) the generated vapor isthe carbon dioxide.

Under these conditions, it ispossibleto consider
that dehydration of oxalates occurs at P, =10*hPa
and at constant rate C=3.93x10°s! and that the
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Figure7. CRTA curveof CoC,0,.2H,0-NiC,0,.2H,0 (1:2
moleratio) binary mixtureat 10 hPapartial vapor pres-
sure

decomposition of the anhydrous oxalates occurs at
Peo,~10°hPaand at constant rate C=4.22x10°s™.

3.6.2.2. Measurement of activation energy

Theactivation energy (Ea) was measured usngtwo
CRTA curvesobtained under identical conditions of
samplemassand residual partial pressureand at two
different ratesC and C,*.

For asinglevalue of o during an elementary pro-
cess, without any presumption of thereaction mecha
nism an expression of the activation energy Ea, at a
givenvaueof a, can be obtained from thefollowing
equation::

Ea:mm[g} ©)
T,-Ty Cy

where T1 and T2 are the temperatures corresponding to the

rates C, and C,.

Infigure 8 are shown the variations of measured
activation energiesa ong thefour steps of decomposi-
tion carried out at 10*hPapartial pressure.

Thestrength of binding of water moleculesinthe
crystd latticeisdifferent and, hence, resultsin different
dehydration temperaturesand kinetic parameters. The
activation energy for thelosing of crystd water lieinthe
range 60-80 kJmol, whilethevauefor co-ordinately
bounded onearewithin therange 130-160 kJ mol 124,
Theactivation energiesfound herefor thedehydration
reactions (figures 8(aand b)) suggest that the water
moleculesare co-ordinately linked water.

For theoxdaesof bivadent metd s which produce
themeta, the decomposition temperature represents
thetemperature at whichthe M-Olink isruptured and
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will depend critically on the size and charge of metal
ion. Herethetwo metalshavethesamechargeand size
which can explain the comparabl e activation energies
observed for the decomposition of NiC,0,(179kJ.
mol™) and CoC,0, (177kJ.mol ™).

3.6.2.3. Estimation of the conver sion function f(o)
Theprocedurewhichwill befollowed hereconssts
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Figure9: Comparison between experimental CRTA curves
(xxx) withtheoretical curvefor F1 model (-)

to comparetheoretical CRTA curvein the case of the
ninefunctionslisted by Sharp@ with theexperimenta
ones. Thetheoretica CRTA curvesarebuild fromthe
relation ship EQ.5 where Ea is the experimentally
measured activation energy and wherethemean vaue
of Aais caculated at a=0,45?", by means of the
sdlected f(ar) function.

Infigure 9 are compared the experimental CRTA
curvesof each step of decompostionwiththeca culated
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CRTA curve correspondingto F1 modd. Itisclear that
F1 model (f(o))=1-a) best fitsthe experimental CRTA
curves. Thismodel isknown asthefirst-order model
and has been observed in solid-state reactionswhere
the crystallitedimensionsare small, such asfor fine
powders. A single nucleus is generated on each
crystallite, and continued growth due to reaction is
containedwithineachindividud crystdlite. However, if
one observes the shape of the experimental CRTA
curves (figure 7) we can notice that in order to keep
constant dl at once pressure abovethesampleandrate
of decomposition, it isnecessary that sampletempera
ture increases then decreases which is typical of a
nucleation process. Thenthetemperature of thesample
hasto be continuously increased to maintain constant
the pressureindi cating achangeinthemechanismwhich
correspondsto aningtantaneous nucleation model (F1).

4. CONCLUSION

Thethermal decomposition of thebinary oxalates
mixture CoC,0,.2H,0-NiC,0,.2H,0 (1:2moaleratio)
havebeeninvestigatedinair usng TG-DTG differentid
scanning calorimetry (DSC), XRD and FT-IR
techniques. The decomposition proceeded through four
well-defined gepswhile TG curvesclosely corresponded
tothetheoretical massloss. Theresult of XRD showed
that thefinal product formed after cal cination of the
binary mixtureat 1273K isawell-crystallized solid
solution CoNi,O..

Thekinetic of therma decomposition of thebinary
mixturewassudied usng CRTA techniqueat low resdud
vapour pressure of 10°hPa. Theactivation energy for
each Sep of decompositionwasmeasured experimentaly
by meansof two CRTA curves. Theactivation energies
corresponding to thedehydration of CoC,0,.2H,0and
NiC,0,2H,0a P, —103hPawerefound equal to
160kJ moI 1 and 172kJ mol* respectively whereasthose
corresponding to the decom positionsof NiC,0O, and
CoC,0, at Pc,,=10°nPa were found equal to 179
kJ.mol*and 177 kJ.mol* respectively. The possible
conversion function for the dehydration and
decomposition of both oxal ateskept to the conversion
function of “instantaneous nucleation” F1.
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