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Based on structural, morphological, and thermoanalytical investigations the structural reaction mecha-
nism including topotactic relations and the respective phase boundary process controlled macroscopic
reaction mechanism of the thermal decomposition of single crystalline Ni(SCN)»(CsHsN); to Ni(SCN),
is presented. From the results obtained and from the comparison with further decomposition processes
of model compounds, a general approach for the evaluation of specific kinetic parameters, in particular
of direction dependent rate constants of solid state decompositions governed by phase boundary

processes is derived. © 1986 Academic Press, Inc.

Introduction

The course of a thermal solid state de-
composition of the type Asoig —> Bsolia +
Cyaseous 18 characterized by compositional,
structural, and morphological changes. The
respective kinetic data usually are derived
from the mathematical evaluation of the fol-
lowing equation:

v = da/dt = k(p, T) * fla) (DO

where v is the reaction rate, o the fraction
of decomposition (0 = a = 1),  the reaction
time, k the time- and temperature-depen-
dent rate constant, p and T the ambient
pressure and temperature, respectively,
and f(a) an algorithm for the description of
the actual macroscopic reaction mechanism
(I, 2). The fraction of decomposition « is
defined as

a = (W= — W) (W, — Wt:W)_I (2)

where w is the sample weight at a given
reaction time ¢.
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The present contribution focusses on the
experimental determination of the mecha-
nism and the respective kinetics of the ther-
mal decomposition of the model complex
compound Ni(SCN),(py). (py = CsHsN) to
Ni(SCN),. The results obtained from struc-
tural, morphological, as well as quantitative
thermoanalytical investigations yield a con-
sistent interpretation for the mutal interde-
pendence between microscopic and macro-
scopic changes occurring during the course
of the decomposition. In addition, meaning-
ful as well as reaction specific kinetic pa-
rameters are accessible.

As it will be shown, this approach leads
to a general model for the mechanistic and
kinetic interpretation of such complex pro-
cesses,

Preparation and Thermal Behavior of
Single Crystals of Ni(SCN),(CsH;sN);

Stoichiometric amounts of anhydrous
nickel(II) thiocyanate and pyridine were
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THERMAL DECOMPOSITION OF SOLIDS

dissolved in a 1:1:1 mixture of methanol/
ethanol/toluene. By slow evaporation of the
resulting green solution at an ambient tem-
perature of 55°C dark-green monoclinic
prismatic single crystals of the solid com-
plex were obtained. Chemical analysis of
all the elements present confirmed the stoi-
chiometric formula Ni(SCN),(CsHsN)..

The thermal behavior of Ni(SCN)(py).
(py =C;sH;N) single crystals as well as pow-
ders were investigated on a thermomicro-
balance (Perkin-Elmer TGS-2) coupled
with a simultaneously working mass spec-
trometer (Balzers QMG 511) for the detec-
tion and identification of the gaseous prod-
ucts. The observed weight loss caused by
the emission of molecular pyridine (Fig. 1)
is in very good agreement with the theoreti-
cal values for the complete decomposition
of the initial material according to the fol-
lowing equation:

Ni(SCN),(py), = Ni(SCN), + 2(py).

The formation of the pure solid product
Ni(SCN), was confirmed by powder X-ray
diffractometry as well as analytical deter-
mination of the elements present (3).

The Structures of Ni(SCN).(py). and
Ni(SCN),

For the determination of the structural
reaction mechanism as well as the charac-
terization of elementary processes such as
bond breakages and bond formations, the
crystal structures of the initial material
Ni(SCN)x(py), and the solid product
Ni(SCN), have been determined using a
Picker FACS-I diffractometer with graphite
monochromatized MoKa radiation (A =
0.71707 A) (3, 4).

For Ni(SCN),(py), a structure made up
of infinite

SCN
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FiG. 1. Thermogravimetric and simultaneous mass
spectrometric measurement of the decomposition of
single crystalline Ni(SCN),(py), to Ni(SCN), under
nonisothermal conditions (sample weight: 0.85 mg;
heating rate: 5°/min; N,).

chains parallel to the crystallographic ¢ axis
of the monoclinic unit cell was found.
The crystallographic data are summarized
in Table I. The resulting approximately
square-planar coordination of the nickel at-
oms by two thiocyanate sulfur atoms and
two thiocyanate nitrogen atoms in trans po-
sitions is completed to a distorted octahe-
dral coordination by two Ni-N,, bonds
(Fig. 2). Ni(SCN)y(py); was found to be iso-
structural with Ni(SCN),(NH3), (4). Disor-
der phenomena of the arrangements of the
axial pyridine ligands prevented a success-
ful final refinement (R = 0.08). The disorder
of the pyridine ligands may be ascribed to a
hindered rotation around the Ni-N,, axis.
This assumption has been reassured by the
observation of superstructure reflections on
Weissenberg films exposed for very long
times, i.e., 24 hr and more. Due to these
results the monoclinic unit cell with Z = 2
has to be transformed into a triclinic unit
cell with Z = 3, within which the nickel
thiocyanate chains run parallel to the space
diagonal of the cell (Table I). The structural
framework as such, however, remains the
same. For the sake of an easier understand-
ing of the structural changes occurring dur-
ing the decomposition, the monoclinic av-
erage structure will be discussed in the
following.
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TABLE I

A. CRYSTALLOGRAPHIC DATA FOR THE MONOCLINIC
AVERAGE-STRUCTURE AND THE TRICLINIC
SUPERSTRUCTURE OF Ni(SCN)y(py),

Crystal system Monoclinic Triclinic_
Space group C2im Plor Pl
Cell dimensions a= 9.02005 A a= 8516(2) A
b = 14.495(6) A b= 8777 A
c= 55734 A c = 15.365(3) A
o= 92.54Q2°
B = 110.94(8)° B= 9.5702¢
7 = 114.91(2
V = 680.56 A3 = 1029.12 AS
Density p=162gcm>3 p =1.62gcm™
forZ =2 forZ=3

B. CoorDINATES OF Ni, S(SCN), C(SCN), N(SCN),
AND N(py) IN THE AVERAGE STRUCTURE OF

Ni(SCN)(py).
Special position

(space group C2/m) x y z
Ni 2a 0 0 0
S(SCN) 4i 0.2601(1) 1} 0.3496(1)
C(SCN) 4i 0.1911(3) 0 0.5929(3)
N(SCN) 4i 0.1435(3) 0 0.7644(3)
N(py) 4g 0 0.2604(3) 0

The above mentioned

nie” > NN Nie
VAL NSSDLLN

chains are characteristic features of the
structural framework of Ni(SCN), as well.
In this structure, however, these chains run
parallel to [110] and [110], respectively.
The Ni~N,, bonds are substituted by the
formation of Ni~S bonds thus leading to a
cross-linking of the initial parallel nickel
thiocyanate chains. The resulting structure,
therefore, is made up of nickel thiocyanate
layers, within which the nickel atoms are
mutualily linked by

N / \ 7
/Nl\NCS /Nl\
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Fi1G. 2. Representation of the monoclinic average
structure of Ni(SCN),(py),.

%
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bridges (Fig. 3) (4).

Structural Reaction Mechanism and
Topotactice Relations

X-ray diffraction patterns registered on a
Weissenberg camera of fully decomposed
Ni(SCN),(py), single crystals, i.e., pseudo-

F1G. 3. Representation of the monoclinic structure
of Ni(SCN),.
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morphs, indicated the formation of micro-
crystalline but highly orientated product
phase Ni(SCN),. Detailed analysis of dif-
fraction patterns using partially decom-
posed Ni(SCN),(py); single crystals (with «
= (.5), which were mounted along the ¢
axis of Ni(SCN),(py). revealed, that the su-
perimposed, parallelly arranged reflections
of the product phase Ni(SCN), correspond
to the Ni-Ni distances within the thiocya-
nate chains again, i.e., the orientation of
the thiocyanate chains [001] of the initial
material is fully preserved within the prod-
uct phase. Respective diffraction patterns,
i.e., superimpositions of the hkOniscr,py),
patterns with the reflections of the product
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phase Ni(SCN), gave evidence for the fol-
lowing crystallographic orientation rela-
tions between initial phase and decom-
posed phase Ni(SCN),:

(110)niscNypy, I| (00 Dnisen,

(110)nicscNmpyn | (00Dniseny,

The formation of apparently twinned
product phase pseudomorphs, which has
been observed by the aforementioned X-
ray diffraction experiments, can be ration-
alized by the transition states schematically
presented in Fig. 4a and has to be explained
as follows: In a first step the Ni-Np, bond

oN s

ON oC

F16. 4. (a) Hypothetical transition state in the thermal decomposition of Ni(SCN)x(py),: Pyridine
ligands are removed; the dashed lines indicate the formation of Ni-Sscy bonds leading to the layered
structure of Ni(SCN),. (b) Schematic representation of the possible Ni-Sscy bond formations with
respect to the structure of Ni(SCN),(py), (numbers in parentheses represent the coordinates x, y, and z

of the nickel atoms within Ni(SCN),(py),).
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gets broken. In principal the free gaseous
pyridine molecules could react with unoc-
cupied metal sites again. Under the given
conditions specified in the following part,
however, the course of the reaction is char-
acterized by a subsequent formation of
bonds between nickel and sulfur of an adja-
cent thiocyanate chain. As it can be ration-
alized in Fig. 4b, two in terms of crystallog-
raphy different closest sulfur sites exist; the
respective distances between nickel and
sulfur, however, are nearly equivalent in
terms of metric arguments (7.98 A respec-
tively 8.03 A). Due to this fact the experi-
mental observation of the formation of
twinned product phase within partially de-
composed Ni(SCN),(py), single crystals is
reasonable and confirms the assumed struc-
tural reaction mechanism.

As a result of the loss of the pyridine li-
gands and the subsequent bond formations
between adjacent nickel thiocyanate
chains, the decomposition process is char-
acterized by a substantial change of vol-
ume. This leads to the formation of the ob-
served interstices (see following section)
within the product phase. The relative ori-
entation of the nickel thiocyanate chains,
however, is fully preserved, as it has been
confirmed by the aforementioned X-
ray patterns of partially decomposed
Ni(SCN),(py), single crystals. In addition,
the structure determinations of initial and
product phase prove, that the Ni-Ni dis-
tances within the thiocyanate chains remain
practically unaltered (Ni-Ni distance in
Ni(SCN),(py)a: 5.573 A; Ni-Ni distance in
Ni(SCN),: 5.543 A).

These results are in agreement with the
assumption given by the definition of a to-
potactic reaction mechanism (5): As result
of a minimal number of bond breakages
(Ni-N,, bonds) and of minimal diffusion
paths for the formation of new bonds (Ni-
Sscn bonds) the main features of the initial
structural framework are preserved within
the structure of the product phase.

RELLER AND OSWALD

Morphological Studies

Extensive morphological studies by light
and electron microscopy were carried out
in order to get a consistent correlation be-
tween the microscopic structural reaction
mechanism and the macroscopic morpho-
logical changes occurring during the course
of the decomposition.

As hot stage light microscopy revealed
the decomposition process of Ni(SCN),
(py). single crystals is initiated at the
(001) respectively at the (001) planes of
the monoclinic prisms. No product forma-
tion was observed at the other prominent
crystallographic planes. The subsequent
course of the reaction is characterized by
the movement of the NiI(SCN)(py)./
Ni(SCN); phase boundary along [001] of the
initial material, i.e., along the nickel thiocy-
anate chains into the bulk (Fig. 5).

To get more detailed information about
the morphology of the phase boundary by
means of scanning electron microscopy,
Ni(SCN),(py). single crystals were partially
decomposed and subsequently transferred
into water, where the highly soluble
Ni(SCN), product phase was washed out.
The remaining insoluble Ni(SCN),(py), in-
terface was investigated and scanning elec-

«— Ni(SCN),

<“— Ni(SCN),

[00110of initial material

FiG. 5. Light microscopic image of a section along
the direction of the nickel thiocyanate chains through a
partly decomposed Ni(SCN),(py), single crystal.
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Fig. 6.

(a) Scanning electron micrograph of
Ni(SCN), obtained by the decomposition of a
Ni(SCN):(py): single crystal. (b) Electron micrograph
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tron micrographs showed, that the phase
boundary is made up of indentations with a
“bandwidth’’ along [001] of 2 to 3 um
within an area of about 400 um? in (001)
respectively (001). The ‘‘bandwidth’ of the
phase boundary within an isolated single
crystal proved to be dependent on the ac-
tual experimental conditions such as partial
pressure of pyridine, ambient pressure, and
temperature distribution.

Although the parent phase boundary is
not as well defined as, e.g., phase bound-
aries within partially reduced metal ox-
ides (see e.g., (6)), its movement along
[001]NiscN)(py), COuld be measured with suffi-
cient accuracy for the evaluation of respec-
tive kinetic data.

Significant reaction rates along other
crystallographic directions were not ob-
served, even if the decomposition was per-
formed under vacuum conditions. In spite
of the considerable loss of volume, fully de-
composed Ni(SCN)(py), single crystals
were found to be well preserved pseudo-
morphs of the initial samples. Scanning
electron microscopy gave evidence for the
formation of fine Ni(SCN), fibres (Figs.
6a,b), which are parallelly orientated.
The fibre axis runs parallel to the nickel
thiocyanate chains [001] of the initial
Ni(SCN)y(py).. The geometric dimensions
along [001] remain nearly unaltered during
the decomposition process. These facts are
consistent with the conclusions derived
from structural investigations. In addition,
it has to be mentioned, that this fibrous hab-
itus of the Ni(SCN), crystallites is very un-
usual since this material exhibits a layered
structure and, moreover, can only be syn-
thesized from solution as single crystals
with a plate-like habitus (Fig. 6c, (4)).

The velocity of the Ni(SCN),/

of dispersed Ni(SCN), fibres obtained from the de-
composition of Ni(SCN)x(py),. (c) Ni(SCN), crystals
grown from solution (4).
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Ni(SCN).(py): phase boundary movement
is considerably decreased, if the (001) re-
spectively (001) planes of the initial crystals
are in direct contact with either the sample
holder or with adjacent crystals, i.e., the
partial pressure of pyridine represents an
important parameter of the experimental
set up. In Fig. 7 a model experiment is pre-
sented to give evidence for this observa-
tion: Two single crystals are set on top of
each other, i.e., they are in direct contact at
their (001) respectively (001) planes. The
product formation is obviously hindered at
the contacting planes, whereas the product
formation at the ‘‘open’’ planes shows the
normal course (see also Fig. 5). The consid-
eration of such kind of influences are of ba-
sic importance for the evaluation of repro-
ducible and consistent kinetic parameters
(see following chapter). In addition, these
observations clearly indicate that after the
breakage of the Ni-N,, bonds the volatile
pyridine molecules move along the highly
orientated channels of the solid product
phase, i.e., along the nickel thiocyanate fi-

RELLER AND OSWALD

bres. Subsequently, they are emitted into
the ambient atmosphere at the former (001)
respectively (001) planes of the initial
Ni(SCN),(py), single crystals.

Kinetics

For the determination of the reaction rate
v and the rate constant k, respectively,
quantitative time-dependent thermogravi-
metric measurements were carried out in
flowing nitrogen (30 ml/min; 1000 mbar)
and—to avoid temperature gradients and
noncontrollable influences on the velocities
of the phase boundary movements—under
isothermal conditions in the temperature in-
terval of 160°C + n - 5°C (n = 0 to 8). As
a consequence of the aforementioned
morphological studies, all measurements
were performed by using isolated (single)
Ni(SCN).(py), crystals with predetermined
geometric dimensions between 0.175 and
0.325 mm along [001] and respective sample
weights between 0.25 and 0.5 mg. To mini-
mize the contact between sample holder

F16. 7. Light microscopic image of a section through two partly decomposed Ni(SCN):(py), single
crystals, contacting each other at (001) and (001), respectively, during the course of the decomposition.
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and decomposing material each crystal was
mounted on a grid made up of fine platinum
wires. For each temperature, at least two
isolated single crystals were measured.
Quantitative thermogravimetric measure-
ments performed under the described ex-
perimental conditions gave evidence, that
after a short induction period the course of
the decomposition is characterized by a
constant weight loss, which correlates
within £5% with the optically measured
formation of the Ni(SCN), product layers.
Consequently the velocity of the Ni(SCN),/
Ni(SCN),(py). phase boundary movements
along [001] are constant. The fact that
within the temperature interval of 160 to
200°C analogous thermogravimetric and op-
tical results (with increasing velocities)
were obtained, confirmed the validity of
one and the same macroscopic reaction
mechanism, i.e., a one-dimensional phase
boundary movement controlled mecha-
nism. For the determination of the specific
velocities along [001] summarized in Fig. 8,
the thermogravimetrically measured time-
and temperature-dependent reaction rates
were correlated with the previously deter-
mined geometrical dimensions of the unde-
composed single crystals along [001] and
evaluated for the range 0.05 = o = 0.85. As
an additional control, a single crystal of the
initial material was covered with a thin gold

Imm/sec] 107
20+

15

Vioon 10—

— 71—+ [C]
O 170 180 190 200
T
FiG. 8. Temperature versus velocity v of the

phase boundary movement for the decomposition of
isolated Ni(SCN),(py); single crystals.
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film on all prominent planes except the
(001) plane, i.e., the phase boundary move-
ment only proceeded from the named plane
into the crystal. Thermogravimetry re-
vealed a constant weight loss again.

The observation of the constant velocity
vpeor] of the advancing phase boundaries at
the given temperatures and the fact, that
the formation of the solid product phase,
i.e., the formation of bonds between nickel
and sulfur of adjacent nickel thiocyanate
chains is only possible after the breakage of
the Ni-N,, bonds lead to the conclusion,
that the course of the decomposition is con-
trolled by the phase boundary process it-
self, i.e., by the aforementioned breakage
of the Ni-N,, bonds. If the bond formation
between sulfur and nickel would be the time
limiting process, one would have to expect
back reactions within a relatively large
area, which could not be observed experi-
mentally. Furthermore, the formation of
the product phase is favored by the minimi-
zation of the surface energy and it is rea-
sonable to conclude, that this process is
very fast.

In conclusion, a reaction specific temper-
ature- and direction-dependent rate con-
stant kyo can be defined as follows:

kioor; = Ujoon] (CNi(SCN)z(py)g)_l [sec™'l (3)

where ¢ corresponds to the crystallographic
axis c¢ of the initial material, i.e., the dis-
tance, within which Ni-N,,, bond breakages
(and for that matter Ni-Sscy bond forma-
tions) repeatedly occur during the course
of the advancing Ni(SCN),/Ni(SCN)(py):
phase boundary. In mathematical terms
this specific rate constant ke, represents a
scalar. In Fig. 9 a In ko) versus 7! Arrhe-
nius plot is presented. The evaluation of
this plot yields an activation energy E, of
123 = 8 kJ/mole, which is in good agree-
ment with the values determined by DSC
measurements (7).

By summarizing the experimental part
we conclude, that reaction specific kinetic
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FiG. 9. /T versus kyyy; Arrhenius plot for the de-
composition of isolated single crystals of
Ni(SCN)»(py); to Ni(SCN),.

data with a meaningful physico-chemical
interpretation are accessible by the correla-
tion of qualitative informations derived
from compositional, structural, and mor-
phological investigations with quantitative
thermoanalytical measurements performed
under well controlled conditions (see also
(8)).

As it will be outlined in the following
chapter, this kind of experimental approach
to the determination of mechanism and ki-
netics can be generalized for solid state de-
compositions governed by one-, two-, or
three-dimensional phase boundary move-
ments into the initial material.

Discussion

As it has been outlined in numerous pa-
pers (see, e.g., (2)) kinetic investigations of
decompositions of solids have been per-
formed under isothermal or dynamic (con-
stantly rising temperature) conditions,
which yield in both cases decomposition
rates of overall processes. From these
quantitative measurements mostly formal
kinetic parameters have been derived by
mathematical algorithms, which, on their
behalf, are derived from model processes
governed by nucleation or diffusion. In all
these procedures the fact of the governing
character of the structure dependent reac-
tion mechanism as well as morphological
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factors, which always are codetermining
the time dependent course of a decomposi-
tion, are not taken into account. Conse-
quently, kinetic parameters evaluated by
the aforementioned procedures are not spe-
cific and reproducible quantities of a rate
limiting reaction, but parameters generated
by the chosen experimental setup.

The following consideration, which has
been derived from the experiments pre-
sented in this paper enables the evaluation
of reaction specific rate constants: The de-
composition of an isolated single crystal of
a compound with known composition and
structure as well as with accurately prede-
termined structure/morphology relations
leads to the formation of stable product at
its surface. As it has been observed experi-
mentally (foregoing sections, (8)) there
exist considerable differences between
the reactivities of different crystallographic
planes. This fact has been observed and
quantified in the field of structure and
shape selectivity of solid catalysts. More-
over, different types of nucleation pro-
cesses are observable as function of the ac-
tually exposed crystallographic planes.

In the case of a relatively short induction
period, within which the ‘‘reacting planes’’
are fully covered with solid product, the
subsequent course of the decomposition
can be described as a specifically altered
model of, e.g., B. Delmon’s more general
approach (9): From the scheme presented
in Fig. 10 it follows that the fraction of de-
composition

_ Vo— V,
@ = “)
aoboco — aibic;
= St 5
“ aeboco ©)

aghoco — [(ap — vst)
- * (by — vyt) * (cop ~ v.1)]
«= aoboco ©6)

where V, is the volume of the initial mate-
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2a,

— 2y —

F1G. 10. Scheme representing the change of volume
of the initial material as function of the velocities v,,
vy, and v, of the respective phase boundary move-
ments along the coordinates a, b, and c.

rial, V, the volume of the unreacted mate-
rial at the reaction time ¢, ay/by/cy the geo-
metrical distances of the initial material
measured from the origin of the coordinate
system (in Fig. 10, +) to the respective sur-
faces, a,/b,/c, the geometrical distances of
the undecomposed material at the reaction
time ¢ measured from the origin to the re-
spective initial material/product phase
boundaries, v,/v,/v. the velocities of the
phase boundary movements along a, b, and
c, respectively. The comparison of Egs. (2)
and (4) establishes the correlation between
weight loss and change of volume of the
reacting material. To take into account the
real shape of the initial undecomposed
crystal, Eq. (6) has to be multiplied with a
geometry factor. Moreover, the coordi-
nates a, b, and ¢ have to be correlated with
the actual crystallographic features.

For the evaluation of specific kinetic pa-
rameters one has to consider the fact, that
the absolute values of the direction depen-
dent velocities of the respective phase
boundary movements show considerable
differences, particularly in the case of
highly topotactic reactions. Consequently,
the relative velocities have to be known for
the determination of specific rate constants
even by evaluating measurements obtained
from the decomposition of an isolated sin-
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gle crystal. Moreover, the constancy re-
spectively nonconstancy of each phase
boundary movement, i.e., of each velocity
has to be checked to establish a distinctive
mode between diffusion controlled and
phase boundary reaction controlled decom-
position. This can be effectuated by the
measurement of the distances a,, b,, and ¢,
by, e.g., optical measurements using partly
decomposed material at several different
reaction times. Together with the knowl-
edge of the compositional changes as well
as the structural reaction mechanism, the
rate-limiting step can be determined, i.e.,
bond breakages or diffusion of the volatile
product through already formed solid prod-
uct. Possible reversible reaction steps have
to be taken into account. For phase bound-
ary reaction controlled decompositions
specific rate constants & finally are derived
from the correlation of the velocities of
phase boundary movements with the re-
spective distances d, within which the rate
limiting step of the reaction repeatedly oc-
curs:

(7)

— ~1
k(a.b, orc) = Wb, ore) ” d(a,b, orc).

Such direction-dependent rate constants (in
mathematical terms scalars) represent the
most concise and specific kinetic parame-
ters, which not only include the actual ex-
perimental conditions, but also the struc-
tural characteristics of the reaction.

Conclusion

Mechanism and kinetics are mutually in-
terrelated characteristics of thermal decom-
positions and, more generally, of heteroge-
neous solid state reactions. The elucidation
of the mechanistic course of such processes
includes the correlation of the macroscopic
morphological changes (‘‘macroscopic re-
action mechanism’’) with the simulta-
neously occurring structural rearrange-
ments  (“‘microscopic’®> or ‘‘structural
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reaction mechanism’”). Together with the
knowledge of the concomitant composi-
tional changes the necessary qualtitative in-
formation for the interpretation of quan-
titative measurements of the time,
temperature, or pressure dependence of the
overall process are established.

Kinetic parameters, in particular rate
constants, only then represent reaction spe-
cific data, if they are interpretable in terms
of the chosen experimental conditions as
well as in terms of the occurring structural
and compositional changes on a atomic
level. Obviously and in contrast to rate con-
stants of reactions in gases or liquids, such
parameters include a defined directional
component, which has to be in a relation-
ship to the structural and/or morphological
features of the reacting material. Conse-
quently the evaluation of overall measure-
ments, €.g., weight changes of powder-like

samples or even isolated single crystals as .

function of time and/or temperature (10),
cannot yield reaction specific kinetic pa-
rameters, unless the aforementioned infor-
mations derived from compositional, struc-
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tural, and morphological studies are taken
into account.
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