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A neutron and X-ray diffraction study of coarsely polycrystalline Ca(OD), shows that approximately 
50°C below the onset temperature of dehydration, which is sensitive to the water partial pressure, 
slight structural modifications occur. They manifest themselves by a sudden sharpening of the 001 
reflection and by a decrease in the slope of the 001 intensity vs temperature plots. The initially broad 
001 reflections suggest that Hz0 molecules first form statistically in the (001) planes by trapping 
protons on OH- lattice sites, thus causing strains. At a critical temperature the Hz0 molecules 
segregate into domain boundaries which are incapable of scattering neutrons coherently. At the same 
time the stresses in the domains are relaxed causing strain relaxation and the sharpening of the 001 
reflexions. Dehydration is delayed until the domains coalesce and open fast diffusion pathways for the 
Hz0 molecules. 

Introduction Earlier studies of Ca(OH)* and Cd(OHh 

The present work is part of the studies 
(Z-4) as well as Mg(OH), (.$ have indicated 

related to the thermal decomposition mech- that step (2) involves the evaporation of the 

anism of simple, primarily ionic, CdI,-type 
Hz0 molecules from a transitory, high de- 

hydroxides. Several steps are necessarily feet concentration relict structure. Step (3) 

involved in the decomposition reaction. comprises the transformation of this relict 
structure into the stable oxide structure. 

Step (1): formation of Hz0 molecules This transformation which occurs essen- 
from OH- ions; tially at constant composition exhibits the 

Step (2): elimination of the Hz0 mole- morphological and structural features of a 
cules from the structure of the hydroxide; shear transformation (1-4). 

Step (3): transformation of the hydroxide Step (l), the formation of Hz0 molecules 
structure into the oxide structure. in the yet intact hydroxide structure, has 
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been studied by optical spectroscopy and 
proton conductivity (6-8). The results indi- 
cate that a small fraction of the hydroxyl 
protons becomes mobile, i.e., delocalized 
by thermal excitation to a proton conduc- 
tion band. Hz0 molecules are then formed 
when the mobile protons are trapped by 
OH- ions. In the present work X-ray and 
neutron diffraction techniques were used to 
study the prereactional changes, step (l), 
occurring in Ca(OH)2 and Ca(OD)* during 
heating, prior to the transformation into 
CaO. 

Experimental 

Samples. Ca(OD)2 powder was prepared 
by precipitation from an aqueous solution, 
the reactants being NaOD and anhydrous 
Car& in D20. The preparation was done in 
a glove box in an H20- and CO*-free atmo- 
sphere. Ca(OD)2 crystallizes in the P?ml 
space group and the structure is given in 
Ref. (9). CaO has the NaCl structure. 

Neutron diffraction. In a first experiment 
the DlB diffractometer was used equipped 
with a multidetection system composed of 
400 counters spaced by 0.2” 26 and cover- 
ing a range from 24 to 104” 28. The wave- 
length was 2.522 A. The first 5 Ca(OD)2 dif- 
fraction lines were recorded with a 
counting time of about 1 hr for each dia- 
gram. 

In a second experiment the DlA diffrac- 
tometer was used equipped with a bank of 
10 3He counters at an angular spacing of 6” 
26. The wavelength was 1.909 A. Using 
0.05” increments the Bragg region was 
scanned up to 160” 26. Sixteen Ca(OD)* 
diffraction lines were thus recorded with a 
data acquisition time of about 10 hr for each 
diagram. 

The vacuum chamber consisted of an Al 
cylinder with an internal heater made out of 
two Nb sheets and a thin-walled V cylinder, 
open at both ends, as a sample container 
(cross section: 1 cm, height: 10 cm). The 

Ca(OD)2 powder was evenly dispersed on 
fused SiOZ wool to assure an intimate con- 
tact with the experimental atmosphere. 

X-ray diffraction. The setup used for the 
X-ray part of this study has been described 
earlier (20, II). It consists of a 6, -6 hori- 
zontal axis goniometer equipped with a 
LET1 linear detector (Z2), a multichannel 
analyzer and a monitoring screen. With 
CuKat radiation, 1.54051 A, selected by a 
bent quartz monochromator, each of the 
1024 channels corresponds to an angular in- 
crement of 0.01734” 26. The detection win- 
dow thus covered slightly more than 10” in 
26. 

Either a linear heating program (2.5 K- 
hrr’ for X-rays and DlB) or a stepwise tem- 
perature increment program (for D 1 A) were 
used. The experiments were carried out ei- 
ther in vacuum or under controlled water 
vapor pressures. The base pressure of 10e5 
Torr was obtained with a liquid nitrogen 
cold trap near the sample chamber and was 
measured by a ionization gauge. In the ex- 
periments performed under controlled wa- 
ter vapor pressure, the sample chamber 
was connected to a fixed temperature wa- 
ter/ice reservoir after evacuation to 10m5 
Torr. 

For each recorded diffraction line, the in- 
tegrated intensity and width were deter- 
mined. For X-ray lines, the width is the in- 
tegral breadth and in case of neutron lines 
the width is the full width at half maximum 
calculated after fitting the experimental 
profiles to Gaussian line shapes. 

TABLE I 

WIDTH wh OF THE Ca(OD)2 NEUTRON DIFFRACTION 
PEAKS AT 25°C AND INSTRUMENTAL WIDTH yg OF 

THE DlB SPECTROMETER (FOR A = 2.522 A) 

h/cl 001 loo 101 102 110 

O(W) 14.80 23.88 28.61 40.72 44.54 
F&W 0.175 0.205 0.240 0.400 0.455 
mh(o@) 0.279 0.234 0.328 0.5% 0.502 
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FIG. 1. Evolution of the width (in degrees 6) of the Ca(OD)* reflections as recorded as a function of 
temperature in vacuum by neutrons. The lines 1,2, and 3 correspond to peak sharpening, first dehydra- 
tion, and first appearance of CaO reflections, respectively. 

Results 

In Table I the experimental width values 
of the Ca(OD)* diffraction peaks at 25°C are 
compared with the instrumental width (res- 
olution), of the DlB diffractometer. All re- 
flections with 1 # 0 are considerably broad- 
ened, while the width of the reflections with 
I= 0 is close to the instrumental resolution. 

Figures 1 and 2 show the temperature 
variation of the width of the reflections 001, 
100, 101, 102, and 110, measured by neu- 
tron diffraction on the DIB, and of the re- 
flections 102 and 110 measured by X-rays, 
in both cases in vacuum. All MO reflection 
widths remain constant up to the onset of 
the dehydration reaction which occurs 
around 190°C. All reflections with 1 f 0 ex- 
hibit a sudden sharpening around 130°C 

and, as is evident from Fig. 1, a continuous 
decrease of the width with further increase 
of temperature. This behavior is evidenced 
by the great number of observations, al- 
though the error bars are almost of the or- 
der of magnitude of the effect. The CaO 
diffraction peaks do not appear until 
>215”C. 

The cause for the diffraction peak broad- 
ening may be either size effects or lattice 
strain. To differentiate between the two the 
Williamson-Hall analysis (13) was applied 
to harmonic families of the neutron diffrac- 
tion peaks 001, hOh, and hO0 obtained with 
the DIA. The results are shown in Fig. 3 
where wf is the peak broadening due to the 
sample only, i.e., corrected for the instru- 
mental width wg. The straight lines obtained 
can be written as qx + r where q is propor- 
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FIG. 2. As Fig. 1, recorded in vacuum by X-rays. 
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FIG. 3. Wiikxnson-Hall plot of selected Ca(OD)* neutron diffraction peaks at 17°C (wr is the 
linetiidth corrected for instrumental broadening). 



tional to the lattice strain and l/r propor- to strain and/or disorder are not confined to 
tional to the square of the mean crystallite the D position only but affect lattice as a 
size normal to the planes considered. whole. 

The Williamson-Hall plot for the series If the Ca(OD)* powder is heated under 
100, 200, 300 indicates that neutron beams P(H*O) = 1.78 Torr, the results obtained 
coming in parallel to the basal (001) planes are essentially similar to those of the vac- 
register large coherently scattering domains uum runs. Figures 4 and 5 show that the 
and a minimal lattice strain. As the incident sharpening of the reflections with f f 0 now 
neutron beam is turned towards the [OOl] occurs at about 170°C rather than at 13O”C, 
direction (parallel to the threefold axis), the and that the appearance of the CaO reflec- 
strain contribution increases due to lattice tions is delayed from 205°C to about 307°C. 
distortions in the (001) basal planes. In ad- If the strain relaxation were solely due to 
dition there will be stacking faults in the thermal annealing, one would not expect 
[OOI] direction affecting the intensity and such a large increase of the characteristic 
width of the 001 reflections. This result is temperatures between the two runs, the 
not unexpected because, being a layer one in vacuum and the other one at 1.78 
structure, C:a(OH)2 cannot sustain large Torr P(H*O). On the contrary, with in- 
strains except in the (001) basal planes. The creasing pressure the annealing tempera- 
nonzero r value for the series 001 suggests ture would be expected to decrease (I 7). 
that a small crystallite size effect may exist Therefore, the experimental evidence is 
in the [OOl] direction. in favor of a mechanism by which the relax- 

Figure 1 indicates that the strain in the ation of strains or disappearance of defects 
(001) planes first increases with increasing is controlled by a chemical reaction be- 
temperature from ambient to 130°C and tween the solid hydroxide and the H20 mol- 
then decreases with increasing temperature ecules offered in the gas phase. 
above 130°C. The strain relaxation was Figure 6 shows how the intensity of the 
found to be irreversible, i.e., the (001) reflections 100, 101, 102, 110, and 001 
strains remained low in the sample cooled evolves as a function of temperature in the 
from 200°C back to 108’C. It is to be noted, vacuum run performed on the DlB. All re- 
however, that the diffraction pattern at flections except 001 slowly decrease in in- 
108°C on which this latter statement is tensity with increasing temperature up to 
based was recorded only once immediately the point where the first CaO peaks appear. 
after cooling the sample from 200°C. If the As far as the 001 reflection is concerned, 
strains returned slowly, the present data the following behavior can be observed: its 
would not show it. We shall return to this intensity seems to decrease more rapidly 
point in the discussion section. below 130°C than above this temperature 

The same type of analysis can also be which marks the beginning of the peak 
carried out on the X-ray diffraction profiles. sharpening in Figs. 1 and 2 indicated by the 
After deconvolution using Stoke’s method straight lines in Fig. 6. 
(14), the Fourier coefficients of the decon- 
voluted profile have been calculated. By 
applying the Warren-Averbach analysis Discussion 

(25) the behavior of the sample as shown by Being a layer structure with a perfect 
Fig. 3 is confirmed (16). Since the main cleavage along the basal (001) planes, 
contribution to the scattered X-ray inten- Ca(OH), and its deuterated form Ca(OD)2 
sity comes from the heavy atoms Ca, this cannot sustain any large lattice strains ex- 
implies that the atomic displacements due cent in its basal (001) nlanes. This is borne --r- \ -- 
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FIG. 4. As Fig. 1, recorded in the presence of a DzO pressure of 1.78 Torr by neutrons, 

out by the Williamson-Hall plot shown in 001 reflections are indicative of strong dis- 
Fig. 3: the hk0 reflections provide evi- tortions within the basal (001) plane. 
dence for minimal distortions in the planes With increasing temperatures, however, 
normal to the basal (001) plane, while the as shown by Figs. 1, 2, 4 and 5, the strains 
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FIG. 5. As Fig. 2, recorded in the presence of a DzO pressure of 4.58 Torr by x-rays. 
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FIG. 6. Temperature dependence of the relative integrated neutron diffraction intensities of Ca(OD), 
in vacuum. 

in the (001) plane change abruptly at a given 
temperature. In the vacuum runs this 
change occurs at 130°C. It lies well below 
the onset of D20 release. Concurrently, as 
shown by Fig. 6, the temperature depen- 
dence of the 001 intensity also changes in a 
characteristic manner, while that of the 
other reflections is less affected. 

The values of the temperature factors, - 
&kl = 8 r2 dikl, where u is the displacement 
of the atoms from their equilibrium posi- 
tions, are proportional to the absolute tem- 
perature and the intensities of the corre- 
sponding Bragg reflections must decrease 
with increasing temperature. On the very 
short time scale of the scattering event, 
however, the temperature factor is sensi- 
tive not only to contributions from the fast 
thermal vibrations but also to permanent 
displacements and to slow fluctuations of 

the atoms. Hence, strains which offset the 
atomic positions in a more or less statistical 
manner will have the same effect as large 
temperature factors and will manifest them- 
selves in low scattered neutron intensities. 

From the intensity versus temperature 
plots in Fig. 6 it is apparent that the Bwl 
value changes quite markedly at 130°C. 
Since the strain in the (001) plane dimin- 
ishes concurrently at 130°C (see Figs. 1 and 
2), we are led to conclude that the steep 
slope of the 001 intensity versus tempera- 
ture curve below 130°C is dominated by 
strain effects. Conversely, the less steep 
slope above 130°C should reflect the contri- 
butions from the thermal vibrations only. 
The 001 slope is steeper than that of the 
other lines which reflects the larger mean 
thermal vibrations in the [OOI] direction due 
to the anisotropy of the material. However, 
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it is to be noted that, even if I> 1, the effect 
is not necessarily more visible because any 
indices h or k # 0 counteract the effect. 

Additional information about the nature 
of the lattice disorder causing the strains is 
available from the runs at slightly elevated 
DzO vapor pressure, 1.78 Tot-r, and from 
the observed shift of the characteristic tem- 
perature from 130 to 170°C (see Figs. 4 and 
5). The direction and magnitude of this shift 
indicate that the gas phase strongly inter- 
acts with the solid, probably via a chemi- 
sorbed layer of D20 molecules. 

During a study of the dehydration mecha- 
nism of Mg(OH)*, Ca(OH)*, and Al(OH)3 it 
was noted (6, 7) that at T = (Tdecomp. 
-SO)oC, where Tdecomp. stands for the begin- 
ning of the actual dehydration, Hz0 mole- 
cules started to be formed inside the hy- 
droxide matrices. Prior to this event, i.e., at 
T < (&amp. -SO)“C, the concentration of 
mobile protons increased exponentially 
with increasing temperature without notice- 
ably forming HZ0 molecules. Optical data 
suggest the existence of a proton conduc- 
tion band approximately 2.0 eV above the 
valence band in Mg(OH)2. According to 
these results the mobile protons are in fact 
delocalized protons thermally activated to 
this proton conduction band (8). Further- 
more it was shown that the chemisorption 
of proton donor and proton acceptor mole- 
cules onto the Mg(OH)2, Ca(OH)2, and 
Al(OH)j powders strongly modified the 
proton conductivity behavior. 

From these studies it was concluded that 
the first HZ0 molecules are nothing else but 
delocalized protons trapped on OH- sites, 
OH- + H+ e H20. These Hz0 molecules 
persist in the sample for some time after 
cooling. Eventually they decay again, prob- 
ably by redissociation and recombination of 
the mobile protons with the deprotonated 
sites: H+ + 02- ti OH-. Upon further 
heating, as more and more H20 molecules 
are formed by the same mechanism, actual 
dehydration occurs. The dehydration thus 

af 

b/ 

FIG. 7. Schematic representation of a model of the 
(001) strain distribution associated with protonic de- 
fects and compatible with the neutron diffraction data: 
(a) statistical distribution of Hz0 precursors; (b) begin- 
ning segregation due to defect clustering, first Hz0 for- 
mation; (c) interconnecting domain boundaries with 
high Hz0 concentrations. 

appears as a sequential step by which H20 
molecules, first formed statistically in the 
lattice, are released from the surface of the 
individual hydroxide crystals. 

In Fig. 7a the statistical roughness of the 
(001) planes is modeled schematically. 
Strain relaxation is expected to occur when 
the fluctuating defects start to order, form- 
ing, maybe, annular or cylindrical domains 
as suggested by Fig. 7b. 

This would be equivalent to the beginning 
of a spinodal phase segregation: at a critical 
H20 concentration the homogeneous phase 
splits into H20-rich and H20-poor regions. 
If the H20-rich regions are narrow zones of 
high strain concentration, corresponding to 
domain walls, and if the size of the domains 
is comparable with the coherence length of 
the neutrons, the (001) temperature factor 
within these domains will change. Having 
relaxed the strains the temperature depen- 
dence of the 001 intensity will now be domi- 
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nated by the thermal vibrations only, giving chemisorbed HZ0 layer increase the recom- 
rise to the less steep section at T > 130°C bination probability 02- + H+ G OH-, thus 
as shown in Fig. 6. At the domain bound- lowering the effective concentration of de- 
aries, where the HZ0 concentration is high, protonated sites in the bulk of the hydrox- 
no coherent neutron diffraction occurs. ide crystals. 

Dehydration, except from the very first 
atomic layer, is expected to be delayed un- 
til the domain boundaries undergo some 
form of coalescence resulting eventually in 
an interconnected network which opens 
fast diffusion pathways for the Hz0 mole- 
cules to migrate to the outer surface. A pos- 
sible configuration of this subgrain bound- 
aries is shown schematically in Fig. 7c. 
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