PHYSICAL REVIEW B VOLUME 61, NUMBER 17 1 MAY 2000-I

Physical properties of fixed-charge layer double hydroxides

D. R. Hines and S. A. Solin
NEC Research Institute, Princeton, New Jersey 08540

Umberto Costantino and Morena Nocchetti
Dipartimento di Chimica, Universitai Perugia, Via Elce di Sotto, 8, 06123 Perugia, Italy
(Received 29 July 1999

The physical properties of a series of layer double hydroxideDH) of the form
[(CO5)0.105(1-x Clo.sa(H20)y I:[ ZNg 6:Al 5 3 OH), ], O0=x=1, 0<y=(0.4+0.2) have been studied. The hy-
dration dynamics of these materials indicate that the guest layer water molecules form a hydration ring which
defines the height of the solvated, nested Cl anion. The water molecules can tilt arou@} jteeirs such that
the height of the solvated ClI ion is a function of the number of molecules forming the hydration ring. The
composition dependence of the basal spacing, determined from x-ray-diffraction powder patterns measured as
a function of humidity and temperature for these materials, is a function of both the CI concentritimd(
the number of guest layer water moleculg$.(Distinct basal spacing curves are observed for fully hydrated,
partially hydrated, and dehydrated materialsxAt1l the Cl end-member material exhibits a change in stack-
ing sequence from aR3 polytype to a H polytype upon dehydration. The dehydrated form of this material
also exhibits a {{3x \/3)R30° superlattice ordering of the Cl ions. Due to the nesting of the Cl ion and the
active nature of the water molecules, the basal spacixgcusve for the dehydrated materials is the only curve
that can be fit by the discrete finite layer rigidity model. The interlayer rigidity parameter for LDH materials
has been determined to lpe=4.84+0.06 indicating that these materials are stiffer than class-Il layered solids
but not as stiff as class-1ll layered solids.

I. INTRODUCTION atom is shared by three cations and the hydrogen atom is
oriented toward the adjacent host layer. The host layer ac-
Layer double hydroxidegLDH’'s) constitute a unique quires a net positive charge due to isomorphic substitution of
class of layered solids comprised of positively charged, buri (I1) divalent cations byM (Ill) trivalent cations. The space
citelike layers separated by charge balancing anions. Due fgetween host layers is referred to as the gallery and usually
the mobility of the anions, these materials have importantontains a guest layer which is represented by the first brack-
applications in fields such as catalysishemical additived,  eted term in the chemical formula. Anionic species are inter-
in situ remediation of contaminated sdiphotophysical and  calated into the gallery in order to maintain overall electro-
photochemical deviceésand battery technology.The an- neutrality. In general, the anions do not fill all the available
ionic mobility of LDH materials depends on both the physi- sites within the guest layer; thus additional solvent molecules
cal properties and the hydration dynamics of these comtend to co-intercalate. Two main subgroups of LDH materi-
pounds. Two physical properties of fundamental interest inys can be delineated where the guest layer composition can
the study of intercalated layered solids di¢ the layer pe varied either independent of the host layéa ion-
rigidity® which relates the basal spacing expansion to thexchangg(i.e., fixed-host layer materials wheds a fixed
change in anionic composition andi) the hydration yajue andx is varied or as a result of cation substitutions
dynamics. Thus it is desirable to study both the layer rigid- within the host layefi.e., variable-host layer materials where
ity and hydration dynamics of LDH materials. Until recently, 7 js varied andx is either fixed or variable Previous layer
for intercalated layered solids, these two physical propertieggidity studies of LDH compounds have been conducted
have been treated separately such that the relative concentigsing  variable-host layer materials of the form
tion of water in the guest layer has been viewed as having P(COS)ZIZ(HZO)y]:[Nilfolz(OH)Z]: 0<z<0.4, 0<y
negligible effect on the basal spacifgrovided that the ma- <1 o [hereafter referred to as (GENiAl):LDH].® For
terial does not undergo a water layer hydration state phas@ese materials, a concomitant change within both the host
transitior?). We will show in this paper that this is not the (intra-) and guestinter-) layers results in transverse distor-
case for certain LDH materials. ) tions of the host layefe.qg., displacements perpendicular to
Layer double hydroxides are materials of the general forye plane of the layeys The standard discrete finite layer
mula [Afny 1-xB&moSy] =M (1) 1 M (1) (OH),1"*  rigidity (FLR) modelX® which successfully accounts for the

where M(ll) is a divalent cation(Mg, Fe, Ni, Zn, ...), composition-dependence of the basal spacing of a wide va-
M(IN) is a trivalent cation(Al, Fe, Cr, ...),A" (B™)is riety of intercalated layered solids, incorporates only an in-
a smaller (large) charge compensating anion (€0 terlayer rigidity parameter. Thus it does not properly account
SOE[, NO;~, CI7, Br, ...) andSis a co-intercalated for the basal spacing response as a function of guest layer

solvent moleculdusually H,0). The second bracketed term anionic concentration for this variable-host layer LBRhe

in the chemical formula represents the host layer which isnterlayer rigidity parameter relates the change in anionic
comprised of divalent cations each octahedrally coordinatedoncentration within the guest layer to the change in basal
to six hydroxyl groups. For each hydroxyl group, the oxygenspacing and hence does not explicitly account for cation sub-
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stitution within the host layer. Therefore an intralayer rigid- a nesting of the Cl ions into the trigonal pockets of the host
ity parameter was introduced in order to account for the catlayer and a rotation of the water molecules around t@gjr
ion substitution within the host layér. This was axes as they solvate the ions.
accomplished by developing an extended version of the dis- In this paper, we will focus on the physical properties of
crete FLR model which contains both an interlayer and arfixed-host layer LDH materials as they are affected by
intralayer rigidity parametet.A fit using this model to the changes in the relative concentration of guest layer ar(@ns
basal spacing as a function of @@oncentration for a series change irx) and the number of water molecules in the guest
of (COs)(NiAl):LDH materials resulted in an intralayer ri- layer (i.e., hydration dynamics—a change yi). This study
gidity parameter ofj=2.44 and an interlayer rigidity param- will combine and expand the preliminary studies that have
eter ofp~5.% The approximate nature of the interlayer rigid- been previously reported for both the layer rigidity of the
ity parameter is due to the multiparameter aspect of thelehydrated materidid and the hydration dynamics of the
extended FLR model and the presence of water molecules iend-memberxX=0 andx=1) materials:! Interesting results
the guest layer. These water molecules solvate thgi@®&  along with the preliminary results will be incorporated into a
thus producing a composite ion that is essentially unchangefilly detailed analysis of the (COCI)(ZnAl):LDH materi-
in height (the oxygen atom defines the height of both theals having an arbitrary anionic concentratidre., any x
water molecule and the carbonate )idout larger in lateral valug and an arbitrary number of water molecules in the
extent as compared to the bare £iOn. The larger lateral guest layer(i.e., anyy value. It will be shown that the be-
size of the composite ion increases the local basal spacingavior of the water molecules as seen in the Cl end-member
over a larger area resulting in a larger average basal spacimgaterial is also  manifest in the hydrated
for the material. This larger average basal spacing causes tli€0;/Cl)(ZnAl):LDH materials as the relative concentration
host layer to appear to be too stiff. In order to account forof CO; to Cl ions reacheg=0.5. In addition to changes in
this effect, the interlayer rigidity parameter must be rescaledhe basal spacing, these LDH materials undergo a change in
thus resulting in only an approximate valuemf stacking sequence during dehydration. For example, the CI
As compared to the variable-host layer LDH materialsend-member material, in its hydrated form, exhibits R 3
described above, it will be shown in this paper that a study obtacking sequenéwith 10% faulting. Once dehydrated, the
fixed-host layer LDH materials alleviates the need for intro-material converts to a2 stacking sequencé.There is also
ducing an intralayer rigidity parameter. The materials uti-evidence for a superlattice ordering of the Cl anions in the
lized in this study are the dehydrated form of a series ofdehydrated materials. Extra x-ray-diffraction reflections ap-
compounds having a chemical formula pear which have been associated with ¢8% \/3)R30°
structure.

[(CO3)0.195(1-x) Clo.sa H20)y ]:[ ZNg 61Al 9.3 OH) 2],
Il. EXPERIMENT
0=x<1, 0sy<(0.4+0.%)
All LDH materials utilized in this study were synthesized

[hereafter referred to as (GECI)(ZnAl):LDH].}! Thus the from RP-ACS grade reagent. The (§@nAl):.LDH car-
standard discrete FLR model from which the interlayer rigid-bonate end-member material was obtained using a
ity parameter is determined to Ipe=4.84+0.06 is sufficient proceduré’ based on thén situ formation of ammonium
to model the basal spacing response as a function of guesarbonate from urea. Materials with increasing Cl ion con-
layer anion concentration. It is observed in these materialgsentration §>0.0) were obtained by an HCI titration
however, that the basal spacing decreases as the concentnaethod™® An additional set of materials were obtained from
tion of the larger anion is increased. This retrograde respongbe resulting (Cl)(ZnAl):LDH, end-member material x(
is due to a nesting of the larger Cl ion into the trigonal =1.0) using the ion-exchange, isotherm metff{d@hemical
pockets of the host layer. This study shows that the layeanalysis was performed using several different techniques
rigidity of LDH materials has been successfully modeled us-depending on the chemical species of interest. These in-
ing the standard discrete FLR model. The layer rigidity ofcluded ethylenediamine tetra-acetic acid titratidrier alu-
these LDH materials will be compared directly with the layer minum and zinc, carbon microanalysis for the carbonate con-
rigidity of other layered solids such as grapHitelayer tent, and ion chromatography for the chloride content.
dichalcogenided® and clay$* which have also been success- Hydration water was calculated from the weight loss of the
fully modeled using the standard discrete FLR model asamples at 150 °C using a thermoanalyzer.
noted above. Thermogravimetric analysiSTGA) was performed using

In addition to the layer rigidity of the dehydrated forms of a Perkin-Elmer TGA7 instrument. In an,lpurge, the weight
these fixed-host layer LDH materials, the hydration dynam-of the sample was recorded as a function of time until equi-
ics exhibit a rich behavior. Previously the hydration dynam-librium was reached. The sample was determined to be at
ics of the end-member materials£0 and 1 have been equilibrium once the weight reached a constant value. The
studied'! For the CQ end-member material, the basal spac-weight of the sample was then recorded as a function of
ing is essentially independent of the water content of théemperature.
guest layer. However, for the Cl end-member material, the X-ray diffraction (XRD) powder patterns were measured
basal spacing exhibits three distinctly different values dewsing a rotating anode x-ray generator configured to produce
pending on the amount of water present in the guest layea horizontal line source of Cu radiation. A bent crystal
The activity of the guest layer water molecules, in the presgraphite monochromator was aligned with the x-ray genera-
ence of Cl ions, has been attributed to the interplay betweetor to allow only CiK « radiation to reach the sample. The
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sample was mounted on a Huber four-circle diffractometer
aligned to the C « x-ray beam and configured to measure
diffraction in the vertical plane. An Li drifted, Nal scintilla-
tion detector was mounted on the Zircle. The(003 and
(006) Bragg reflections measured in the powder pattern were
used in ag-plot? to determine the basal spacing.

For all samples in air at room temperature, a full XRD
pattern was acquired. Subsequently anfhrge was estab-
lished around the sample. As soon as the purge was started at
room temperature, both tH@03) and (006) reflections were
repeatedly measured in order to monitor the basal spacing
dynamics. During the first several hours these reflections
were measured continuously and there after at 20 min inter-
vals. A sample remained at room temperature in the N
purge until its weight reached equilibrium as determined by
TGA measurements described above. Again, for all samples,
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a full XRD pattern was measured at this equilibrium condi-
tion. Initial hydration studies were performed on both the ClI
and CQ end-member samples where, with the purge
uninterrupted, the temperature was increased at a rate

0.01 °/min and at certain temperatures, held fixed so that a
full XRD pattern could be measured. During temperature

ramps, the(003) and (006) reflections were again measured
every 20 min. A similar procedure was utilized for all of the
other (non-end-membegrsamples.
Ill. RESULTS AND DISCUSSION
A. lon exchange

1. Forward carbonate-chloride ion exchange
via acid-base titration

FIG. 1. The batch titration curve for (G(ZnAl):LDH with 0.1
mol/dn? HCI solution in the presence of NaCl as the added salt.
ta points(solid curve refer to the Cl ion uptakétop axi9 and
e dashed curve refers to the forward titratibottom axis.

(CO;) (ZnAl):LDH structure and a gradual decrease of pH of
solution is observed. As this initial phase becomes saturated
with Cl ions, the second step, 84=<0.8, takes place, at
constant composition of solution, with the formation of the
(CI)(ZnAl).LDH phase. When the phase transition is com-
plete, a single phase system is present and the pH changes
with further HCI addition. The third step>0.8, therefore
corresponds to the solubilization of the €@ns into the
(CI)(ZnAl):LDH phase.

XRD powder patterns have been measured for a suite of

The synthesis procedure described above, accomplisheshmples prepared by the acid-base titration method. The

by hydrolysis of urea, leads to a (G®ZnAl):LDH material
with good crystallinity and a narrow distribution of particle
size in the 5-15um range as determined from x-ray-

diffraction powder patterns, particle size distribution mea-

surements, scanning electron microscopy, a(®EM)
micrographs. The composition of the as-grown, ;Céhd-
member  starting material was found to
[(CO3)0.10dH20)0.4]:[ZNg.6:Al 0.3 OH),] with an anion ex-
change capacity of 3.78 m equiv./g.

It is well knowrf! that the CQ anions are strongly held in
the interlayer region and that it is very difficult to replace

be

them with other anions using simple ion-exchange processes.

Alternative methods have been propd€dshsed on the pro-

tonation of the guest layer carbonate into carbon dioxide
coupled with the insertion of another charge balancing anion.

Samples of composition

[(CO3)0.195(1- x)Clo.sa(H20) 1:[ ZNg 6:Al g 3d OH) 2],
with 0=x=<1 and 0<y=<(0.4+0.2) have thus been ob-

tained by such methods. Figure 1 shows the HCI titration

curve (dotted ling and the associated uptake curis®lid
line). For clarity, the percent of exchang#nat isx- 100, x

=(m equiv. CI')/(m equiv. CI +m equiv. CG ) in the

solid] is reported on the top of the plot. The shape of the

(006 reflections for these samples are shown in Fig. 2. The
reflections associated with the end-member matef@ien
circles for x=1.0 and open squares for=0.0) are well
formed and symmetric which is an indication of single phase
materials. However, thé006) reflections for samples having
intermediate values of exhibit multiple peaks. Each peak is
associated with a distinct basal spacing. Since, for these fully
hydrated materials, the basal spacing is larger for the Cl end-
member material and smaller for the ¢@&nd-member ma-
terial, the distinct peaks for these intermediatealues can
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titration curve, and hence the uptake curve, is indicative of FiG. 2. The(006) reflection from XRD powder patterns as a
the ion-exchange mechaniés™ where the replacement of function of Cl ion concentration (x) for a series of
CO; ions with Cl ions proceeds in three steps. In the first(Co,/Cl)(znAl):LDH’s which were ion exchanged using the titra-
step, 0=x<0.4, the incoming ClI ions are solubilized in the tion method with (C@)(ZnAl):LDH as the starting material.
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FIG. 3. The water content of (GQCI)(ZnAl):LDH as a func- ) ] o
tion of the Cl ion concentrationx{. FIG. 4. The CQ/Cl ion-exchange isotherm at an ionic concen-

tration of 0.1 equiv./drhat a temperature of 25°1°.

be associated with both CI rigfower angle peaksand CQ
rich (higher angle peakgegions within a given sample.
Even though the guest layer anions tend to phase separa
for intermediate values of, the amount of hydration water is
a linear function of the guest layer ionic concentration a
seen in Fig. 3 and can be expressedyas).4+0.2x. In a
fully hydrated material, the water molecules appear to fill all
the available guest layer sites which are not occupied by
charge compensating anion. Because of the ©® is com-
prised of three oxygen atoms, it occupies three guest layer B. Stacking sequence

sites; therefore one Wate_r m_olecule is added to t_he guest X-ray-diffraction powder patterns for the Cl end-member
layer for every CQ ion which is replaced by two Cl ions. material, (Cl)(ZnAl):LDH (x=1), are shown in Fig. 6 as a
function of temperature for samples in ap purge. Several
2. Reverse chloride-carbonate ion exchange via ion-exchange features are evident in these patterns at temperatures below
isotherm 170°C. First, the prominentOOL) reflections seen below
Because of the phase separation which occurs for interr?=30° are indicative of layered solids. These reflections
mediate values of in samples where the acid-base titration Shift with temperature, indicating a change in the basal spac-
method of ion exchange was utilized, it is desirable to estabind of the material. At certain temperatures (086) reflec-
lish an alternative method of ion exchange. Therefore thdion splits into two reflections indicating the presence of two
ion-exchange isotherm method was used to prepar80€Xisting phases within the sample at that temperature. The
(CO3/Cl)(ZnAl):LDH materials from the CI end-member Pa@sal spacing dynamics as determined from t{ese) re-
material. Figure 4 shows the GECI ion-exchange isotherm flections will be discussed below in conjunction with TGA
obtained at 25 °C and an ionic fraction of 0.1 equiv.fdks

This is in contrast to the multiple peaks seen in Fig. 2 for

aterials prepared from the titration method. Therefore ma-
{grials prepared from the ion-exchange isotherm method are
of more uniform composition and thus more single phase
Shan materials prepared from the acid-base titration method.
Hereafter, we consider only samples which have been pre-
gared using the ion-exchange isotherm method.

expected, the isotherm is strongly shifted to the left. The 8000 " T T
(C)(ZnAl).LDH is  completely  converted to IRy (006)
(CO3)(ZnAl):LDH by the time the CQ ionic fraction in the 6000

solution reaches 27%. The preferential intercalation of the
CO; ion into the guest layer results in a selectivity
constant® that is the quotient of the concentration ratios of
the two counter ions in LDH and in solution, of about
20 at x=0.5. The XRD powder patterns of the
(CO;/Cl)(ZnAl):LDH materials prepared using the ion-
exchange isotherm method have been measured. (006
reflections are illustrated in Fig. 5. These reflections are to be =
compared to those in Fig. 2 for samples prepared from the 22.5
titration method. The reflections associated with the end-
member materialéopen circles fox=1.0 and open squares  FiG. 5. The(006) reflection from XRD powder patterns as a
for x=0.0) in these two figures are from the same sampleSunction of CI ion concentration (x) for a series of
As seen in Fig. 5, th€006) reflections for samples having (co,/Cl)(znAl):LDH'’s which were ion exchanged using the ion-

intermediate values ofdo not exhibit multiple peaks for the exchange isotherm method witCl)(ZnAl):LDH as the starting
samples obtained from the ion-exchange isotherm methodhnaterial.
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20 FIG. 8. Simulation CK«a x-ray powder-diffraction patterns
] ) generated usingiFFax (see text Each pattern was generated using
FIG. 6. CKa xray powder-diffraction patterns of ynjt cell parametera=3.073 A and(a) c=22.713 A and an
(CH(ZnAl):LDH as a function of sample temperature in ap N ABCcABG .. stacking sequence with 10% faultingb) c

purge. The patterns have been vertically displaced and(b8 =14.612 A and a mixture of 40%BCABGC - - stacking sequence
and (006) reflections truncated for clarity. The * indicates reflec- \yith 10% faulting and 60%\aAa - - stacking sequenc@vherea
tions associated with the sample holder. is the mirror ofA), and(c) c=14.612 A and ahaAa: - - stacking

. . . . sequence. Thed03) reflections have been truncated for clarity. For
data in order to describe _the hydration dynamics O_f the‘each simulation, the associated stacking sequence is illustrated at
(COs/Cl)(ZnAl):LDH materials. Second, the narrow width e right of the pattern.

of the (100 and (110 in-plane reflections indicate well
formed crystallites as further evidenced by the SEM micro- In order to determine the changes observed in the mea-
graph shown in Fig. 7 which reveals platelets as large as 18ured XRD patterns as a function of temperature, simulation
wm in diameter. The Bragg angle and relative intensity ofXRD patterns, shown in Fig. 8, were generated usimgax
these two reflections do not change as the temperature of thH&ef. 29 (a computer program for calculating powder-
sample is increased up to 150°C indicating that the hostliffraction intensities associated with crystals having coher-
layer is unchanged. Third, excluding t@0L), (100), and  ent, planar defecisThese three simulation patterns are to be
(110 reflections, the relative intensity of most of the remain-compared with the measured patterns for the temperatures
ing reflections changes as a function of temperature wherg5, 75, and 150 °C and were obtained using the atomic po-
some reflections appear as other reflections disappear. Bitions based on the crystal structures ofgsgmite and
fact, the change is so dramatic that one might be tempted tpyroaurite” The pattern associated with 25°C was gener-
view the XRD patterns at 25 and 125°C as having beerated using cell parameteas=3.073 A andc=22.713 A and
produced by different materials. Actually, as will be anABCABCGC - - stacking sequence with 10% faulting. The
mentioned below, this misleading view permeates the earlipattern associated with 75°C was generated using cell pa-
est literatur8”?® dealing with the nomenclature of LDH rametersa=3.073 A andc=14.612 A and a mixture of 40%
materials. ABCABC - - stacking sequence with 10% faulting and 60%
AaAa - - stacking sequendsvherea is the mirror image of
{ paguL-g28 A). The pattern associated with 150 °C was generated using
’ cell parametersa=3.073 A andc=14.612 A and an
AaAa: - - stacking sequence. A sketch of the overall stack-
ing sequence for each simulation is shown to the right in Fig
8. It is clear from these simulations that the relative intensity
changes as a function of temperature seen in the measured
XRD patterns are associated with a change in the stacking
sequence of the host layers.

At 25°C the (CI)(ZnAl):LDH material exhibits an
ABCABCGC - - stacking sequence which is referred to asa 3
polytyp€e'® (i.e., rhombohedral with three layers in the unit
cell) and thus corresponds to the rhombohedral space group
R3m. At 150°C the(Cl)(ZnAl):.LDH material exhibits an
AaAa: - - stacking sequence which is referred to askh 2
polytype'® (i.e., hexagonal with two layers in the unit gell
and thus corresponds to the hexagonal space group
FIG. 7. A SEM micrograph ofCl)(ZnAl):LDH. P6z/mmc In the early literaturé”-?® materials which are
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FIG. 9. A highlight of the measured ®ux Xx-ray powder-

diffraction pattern of(Cl)(ZnAl):.LDH at a sample temperature of  F|G. 10. The TGA weight losén weight %9 and the derivative
70°C compared to a simulated powder pattern for @3 ( curve as a function of sample temperature in axn plrge for
X \3)R30° Cl ion superlattice having a stacking vectér0,1, (CI)(ZnAl):LDH. The number of water moleculdy) as calculated
(1/3,2/3,, or (2/3,1/3,1 chosen at random. The unit cell of the Cl from the chemical formula is noted on the right ordinate. The dotted
ions is shown in the inset. line refers to the fully dehydrated materiay€0). The sample
weight was allowed to reach equilibrium in the I[durge at room
now known to differ only in their stacking sequence weretemperature prior to starting the temperature rgmgie the drop in
given different names—for example, pyroauritéegsgnite,  weight % at~25 °C). Inset: the TGA weight loss as a function of
hydrotalcite/manasseite, and stichtite/barbertolfieach of time in the N purge at room temperature as the sample weight was
these pairs of LDH compounds have the same chemical forllowed to reach equilibrium.
mula but exhibit a R-polytype/2H-polytype stacking se-

guence, respectively. tionally, as observed in the SEM micrograph shown in Fig.
7, these materials are comprised of crystallites as large as 10
C. Cl ion superlattice pum in diameter. Such large crystallites reduce the space

o available to pore water molecules as compared to materials

The XRD patterns shown in Fig. 6 also reveal broad, lowcomprised of smaller diameter microcrystallite particles.
intensity reflections in the angular range<186<30° which  Thus we conclude that all of the extrinsic surface and pore
are not visible in the XRD pattern measured with the samplgyater molecules have been removed from the materials uti-
temperature at 25°C but are visible in the XRD patternsjzed in this study. Therefore all the weight loss associated
measured with the sample temperature between 40 anglith a change in humidity will be attributed to the removal
150°C. Although the intensity of these reflections remainsof guest layer water molecules. The weight loss associated
low, they do appear to become sharper at higher temperayith an increase in temperature, below some value at which
tures. The reflections, for the XRD pattern measured with thghe host layer begins to dehydroxylate, will also be attributed
sample temperature at 70°C, are highlighted in Fig. 9 ando the removal of guest layer water molecules.
are compared to a simulation XRD pattern again generated Figure 10 shows TGA data from tHEI)(ZnAl):LDH ma-
using bIFFax. The simulation is based on a/8x \3)R30° terial where the initial weight loss in the,Npurge at room
Cl ion superlattice where a stacking vector0,1), (3,%,1), temperature is shown in the inset and the remaining weight

or (,3,1) is assigned at random to adjacent layers. The unilps‘.s up to 400 °C is shown in the main panel. With all of the

cell is shown in the inset of Fig. 9 for this structure. Given weight loss attributable to the removal of guest layer water

that the(Cl)(zZnAl):LDH material at higher temperatures ex- ::na?:ebCeUICGaSI,cJr:;e%n;gu:;u?cggr?z{f !c?r:;;evrv;:lttjer:a r:ﬁéeizué?)sn(()te d
hibits a 2H polytype, the only available sites which allow a on the right-hand axis of each plot. Becayse0 at 165 °C,

commensurate guest layer of Cl ions to stack with these vec; . ; : .
. . ht loss below 165 °C is associated with a dehydra-
tors are the trigonal pockets dir (P-\e welg ! )

rs "9 P s directly over the metal host laye ion of the material and above 165 °C, with a dehydroxyla-

ons. tion of the material. This interpretation is corroborated by the
XRD patterns in Fig. 6 where, despite the change in stacking
sequence, it is observed that below 165 °C all of the Bragg
Three distinct types of water molecules have been associeflections are narrow and well formed. The shéfL) re-
ated with LDH materials—extrinsic surface water moleculesflections indicate regularly spaced layers of uniform thick-
pore water molecules and intrinsic water molecife’sEx- ness and the unchang€tD0 and(110) reflections indicate a
trinsic surface water molecules are adsorbed at the outer sunost layer which is unaltered. At 150 °C, tli@0L) reflec-
faces of LDH microcrystallites. Pore water molecules fill thetions begin to exhibit broad features indicating that some of
pore space between small diameter microcrystallite particlethe host layers are no longer either regularly spaced or of
in a power sample. Intrinsic water molecules are intercalatedniform thickness. By 175°C the in-plane reflections have
into the gallery to become part of the guest layer. For thealmost vanished indicating a severe degradation of the crys-
materials utilized in this study, the number of water mol-tallinity of the material which would be expected as hydroxyl
ecules determined from chemical analysis and initial TGAions are removed from the host layer.
measurements is equal to the number of guest layer sites that Similar XRD and TGA data have been measured for all
are not occupied by the charge compensation anions. Addthe samples utilized in this study. For the £énd-member

D. Hydration dynamics
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FIG. 11. The basal spacing ¢€I)(ZnAl):LDH (filled pointy FIG. 12. The basal spacing of (GCCI)(ZnAl):LDH as a func-

and (CQ)(ZnAl):LDH (open points as a function of temperature tion of Cl ion concentratior(x) for fully hydrated samplegopen

in an N; purge. Also shown is the basal spacing of both materials atircleg, partially hydrated sampleéopen diamonds and dehy-
room temperature in air. Note that the room-temperature basal spagrated sample€illed squareks

ing of (CO;)(ZnAl):LDH is the same in the N purge and air.

Inset: the basal spacing dfCl)(ZnAl):LDH (filled pointg and . . .
(COs5)(ZnAl):LDH (popengpgim;(as a)functio(n of tirl?]e ir?an N 2 model which accounts for the observed properties, we first
purge. address the basal spacing response to changes in the relative

concentration of guest layer anions. Figure 12 shows the
material, it has been determined that the onset of dehydroxysasal spacing vs Cl concentration for the series of LDH ma-
lation occurs at a temperature of 120 °C. By 150 °C the XRDterials under three different conditions. The first cufepen
pattern for this material also exhibits a sharp degradation o¢ircles is for samples in air at room temperature, the second
the in-plane reflections. In this paper we will focus our at-curve(open diamondsis for the same samples at room tem-
tention on temperature regions below which any appreciablgerature in an Bpurge, and the third curvgilled squaresis
dehydroxylation occurs and thus address only the issues afgr the same samples in an, burge at 70 °C. These three
sociated with hydration dynamics. curves correspond to the series of materials in a fully hy-

The basal spacing as a function of time in thepgurge at  drated state, partially hydrated state, and dehydrated state. As
room temperaturéinsed and as a function of temperature Wwill be discussed in more detail below, typically the basal
(main panel for both the CQ and Cl end-member materials spacing of a layered solid increases in a superlinear fashion
are shown in Fig. 11. The basal spacing of the;G@d- as the concentration of the larger intercalated ion is
member materialopen squargss about 7.55 A and essen- increased! For these materials, no such expansion is ob-
tially independent of temperature. The basal spacing of théerved. Not only does the basal spacing of the hydrated ma-
Cl end-member materiaffilled circles, however, changes terials increase in a sublinear fashion, but the partially hy-
dramatically with temperature. Not only does the basal spacdrated materials show almost no expansion at all and the
ing decrease when going from an air to a nitrogen environbasal spacing for the dehydrated materials actually decreases
ment, but it also exhibits a two-phase coexistence region i@s the concentration of the larger Cl anion increases.
the temperature range 80<45 °C. As seen in the inset in In order to develop a model to describe the unique basal
Fig. 11, the basal spacing of the Cl end-member material ispacing dynamics of these materials, let us look in detail at
initially 7.735 A in air at room temperature and both de-the size of and interactions between species which inhabit
creases to and fluctuates around 7.6 A while in ampbrge  the guest layer. Because the Clion is spherical, its height and
at room temperature. Based on TGA data as a function df-plane diameter are both 3.62 X the CQ ion, however,
time in the N, purge at room temperatufeee the inset in S asymmetric in shape with a height of 3.09(Ref. 9 and
Fig. 10 this basal spacing fluctuation is associated with an in-plane diameter of abbé A asdetermined from close-
partially dehydrated sample and will be described in morgdacking of hard spheres. For the €i0n, its height together
detail below. with the host layer thickneds=4.46 A (Ref. 11) would pro-

As the material is heated, the presence of the two-phas@uce a basal spacing of B4 , provided that the C@ion is
coexistence region indicates that some regions of the samph®ot nested within the trigonal pockets of the host layer and
remain partially hydrated while other regions become fullythat its threefold axis is perpendicular to the host layer. This
dehydrated. By 50 °C, the basal spacing appears to be fullig precisely the basal spacing measured for the; @0d-
collapsed even though the TGA measurements indicate thatember material in air at room temperature. Since the data
the material is not fully dehydrated until about 150 °C. Be-in Figs. 11 and 12 indicate that the basal spacing of the
cause XRD measures the average state of a sample, this i{f=Os/Cl)(ZnAl):LDH materials withx<<0.5 is independent
dicates that, even though some small regions of the materig@f humidity, temperature, and ionic concentration, we con-
may not be fully dehydrated, on average, most regions of thelude that the C@ions are always oriented with their three-
material are dehydrated and thus the average basal spacif@jd axis perpendicular to the host layer. The basal spacing
appears to be fully collapsed. dynamics must therefore be related to the Cl ions.

Before discussing the active nature of the guest layer wa- The height difference between the Cl and L£iOns is
ter molecules in the Cl end-member material and presentingh=0.53 A | yet the largest basal spacing differentsese
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m T
with thick line) into trigonal pockets of the basal spacing generated
by closed-packed hydroxyl iorn(gircles with thin ling. The maxi-

mal nesting height is shown &§'™®. FIG. 14. A schematic diagram of the propos@ll six-member
and (b) five-member hydration rings surrounding the Cl ion in the

Fig. 12 is only 0.25 A between the dehydrated end-membeguest layer. Both the top viedeft) and side view(right) are shown

materials where the large Cl ion is associated with thegRef. 15.

smaller basal spacing. This implies that the Cl ion is nested

into the trigonal pockets of the host layer. The degree teurface to form a planar hydration ring around a nested ClI

which the Cl ion is nested into one trigonal pocket can beion as shown in the bottom panel of Fig. 14So long as the

Basal Surface

—_——>
Guest Layer
Top Side
— View View ®

Basal Surface

FIG. 13. A diagram of the nesting of a guest layer Cl {oincle

expressed by the equation tilt angle (i.e., the angle of rotation around ti&, axis of a
meas. . water molecule referenced to the basal surfassmall, the
hy " =rg—z(dg—1), D resulting solvated ion will have an in-plane radius of about

wherer =181 A is the radius of a Cl iorde=7.293 A is 4.6 A and a height defined by the oxygen atom. Since the

the basal spacing of the dehydrat@el)(ZnAl):LDH mate- height of the CQ ion is also defined by the oxygen atom, it
rial, andt=4.46 A is the host layer thickness, thae is reasonable to expect the basal spacing of a partially hy-

~0.39 A. If we employ a hard-sphere model, as shown ir]drated (CQ/CI)(ZnAl):.LDH material to be independent of

Fig. 13, where the basal surface is comprised of close—packe?& As long as same water molecules are in t_he guest _Iayer, I
hydroxyl ions of radius op=a/2=1.537 A then the maxi- IS also reasonable to expect the basal spacing to be indepen-

mal nesting of a Cl ion can be expressed as dent ofy up to the point where Cl ion hydration ring consists
of a maximum of five water molecules. The concept of a Cl

hn=[rci+ronl(1-cos®), (2)  ion hydration ring can be extended for the fully hydrated
materials where the number of solvating water molecules
where exceeds five. For large tilt angles, up to six water molecules
can form a hydration ring around a nested Cl ion as shown in
2 the top panel of Fig. 14! The height of the solvated Cl ion

—oin 1
®=sin ] : (3) is no longer defined by the oxygen atom but rather by the

el
1+

Fort size of the tilted water molecule. Thus the basal spacing

V3

[ resulting from a solvated Cl ion containing six water mol-

The maximal nesting value for the Cl ion into a trigonal ecules is larger than that resulting from a solvated Cl ion

pocket is thus calculated to B§'**=0.5 A . This indicates containing five water molecules.

that the Cl ions are approximately 78% nested for the dehy- The number of water molecules available to solvate a

drated (Cl)(ZnAl):LDH material. This degree of nesting is given Cl ion within the (CI)(ZnAl):LDH material can be

sensible given that'***represents an average value over allsimulated by an ordered arrangement of Cl ions ontq/2 (

Cl sites and that the weak nature of the Cl ion superlatticex '3)R30° commensurate structure. The remaining sites are

reflections implies an absence of long-range oider, the then occupied by water molecules, thus creating a fully hy-

Cl ions are not all sitting precisely in equivalent sjteBhe  drated model of thex=1, y=0.6 material. This model pro-

Cl ion can now be viewed as possessing an effective heightides the correct number of charge compensating anions and
?j,f: 2.84 A thus making it the smaller of the two guest layerwater molecules based on chemical analysis and is consistent

anions. with the superlattice structure observed for the dehydrated

For the partially hydrated materials, we have seen that théCl)(ZnAl):LDH material. In this model, the Cl ions have six

basal spacing is independentofThe Cl ion must still be, at nearest-neighbor water molecules. Dehydration can be simu-

least partially, nested, otherwise the larger height of the fullated by removing some of the water molecules and a change

ion would manifest itself as an increase in the basal spacingn anionic concentration can be simulated by replacing two

Because Cl is strongly electronegative, the water molecule€l ions and one water molecule with one £@n. At x

that are now present in the guest layer will tend to solvate the=1, dehydrating to the point where most ClI ions have five

Cl ions. A hard-sphere model allows up to five water mol-nearest-neighbor water molecules correspondsy+0.5.

ecules with the plane of the molecule parallel to the basaBased on this model, the basal spacing is predicted to sharply
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T ' T I ' ™ 30 layer but can rotate about thell,, axis in a rotational po-
762 | - _ tential well defined by the bounding host layers. This rota-
g ' '/’/\/A"(\ f"\"/ = tion is a thermally activated process and the larger the rota-
& - | B2 tion angle, the more the water molecules cause the basal
g / 128 3 spacing to increase. As the room temperature fluctuates, so
& 16 [ g does the average rotation angle of the water molecules
§ | i i around theilC,, axis and therefore so does the average basal
A a spacing.
1 26
758 F
. - - ] S E. Layer rigidity
20 40 60 80 100 120 The layer rigidity of graphite, layered dichalcogenides,
Time (arb. units) and alumino-silicate clays has been studied using the discrete

finite layer rigidity (FLR) model®*=3® This model is con-

FIG. 15. The basal spacing and sample temperature as a funetructed on the basis of a layered solid having guest layer
tion of time for (CI)(ZnAl):LDH in an N, purge. ions of heighth, intercalated between host layers of thick-
nesst such that the basal spacing is defined to dyet
+hg,. If asmallerAion is replaced by a largé ion then the
host layer will pucker to form a catchment area around the
larger ion. This catchment area contains an average of
lattice sites and the normalized basal spacing, which is by
Qefinition

decrease at=0.5 for the Cl end-member material. The inset
in Fig. 11 indicates that approximately 20 min after the
(CI)(ZnAl):LDH sample enters an Npurge, the number of
guest layer water molecules is reducedyte0.5. It is pre-
cisely at this point where the basal spacing, shown in th
inset in Fig. 11, sharply decreases for @)(ZnAl):LDH
material.

For the model material, in a fully hydrated state at dn(x)zw,
=0.5, the number of Cl ions is double the number of,CO d(1)—d(0)
ions and the remaining .3|tes in th_e guest Iay_er are Qccuplegan be written as
by water molecules. This results in each Cl ion having five
nearest-neighbor water molecules. Based on this model, the d,(x)=1—(1—x)", (5)
basal spacing should remain unchanged %er0.5 and
should increase fox>0.5 for the fully hydrated materials. wherep is referred to as the interlayer rigidity parameter.
This prediction describes precisely what is seen in Fig. 12 foiThis model assumes th&t) the host layer composition is
the fully hydrated materials. Ax=0, there are no Cl ions independent of the guest layer compositidin) the host
present in the model material, thus the water molecules arayer thickness remains constant and is thus independent of
viewed as passive members of the guest layer and the bagdhk degree of puckering imposed by the larger guest layer
spacing is predicted to be independent of the number of waen, and(iii) the A andB ions are rigid and of fixed height.
ter molecules in the guest layer. Again this is consistent with As noted in the Introduction, the layer rigidity of LDH’s
what has been observed in Fig. 11 for the basal spacing afias initially studied using (C§(NiAl):LDH’s which is a
the CQ, end-member material. series of variable-host layer materidlsSThese materials,

The room-temperature, basal spacing fluctuations obhowever, violate the first assumption of the FLR model be-
served in the partially hydrated, Cl end-member matésie¢é  cause the host layer composition is a function of the guest
the inset in Fig. 11can now be understood in terms of the layer composition. While the basal spacing can indeed be
hydration dynamics. When a Cl end-member sample entensiodeled by an extended version of the FLR moddéie
the N, purge at room temperature, the basal spacing deresults cannot be accurately compared with that of fixed-host
creases from 7.735 to 7.6 A within the first 20 min. At this layered solids. It is thus desirable to study a series of fixed-
time, each Cl ion has five nearest-neighbor water moleculebost layer LDH materials in order to obtain a more direct and
as has been described above. TGA data shown in the inset @ctcurate measure of the interlayer rigidity parameter which
Fig. 10 indicate that the sample continues to dehydrate to thean be compared to previous layer rigidity studies of other
point where each Cl ion has two nearest-neighbor water mollayered solids. The (C{CI)(ZnAl):LDH's are just such a
ecules. Since the number of water molecules steadily deseries of fixed-host layer materials. The composition-
creases with elapsed time in thg plurge, the fluctuations do dependence of their basal spacing has already been presented
not appear to be directly related to the water content in thén Fig. 12 for fully hydrated, partially hydrated and dehy-
guest layer. Figure 15 shows the basal spacing response doated materials. The hydration dynamics associated with
small (~5°C) changes in sample temperature. Here thdhese three curves have also been discussed in detail. We
temperature of the sample was specifically controlled by theow discuss these curves in terms of the discrete FLR model.
sample heater and temperature controller as opposed to float- Even though the basal spacing for the fully hydrated ma-
ing at room temperature. It is clear from this figure that theterial increases as a function of the concentration of the
basal spacing fluctuations seen in the inset of Fig. 11 arkarger guest layer ion, it does not fit the standard superlinear
related to room-temperature fluctuation. As discussed abovégrm of the FLR model. This results because the effective
less than five water molecules can form a planar hydratiomeight of the solvated Cl ion is a function of the concentra-
ring around a Cl ion in the guest layer. These moleculestion of the ion itself. This is a violation of the third assump-
however, are not constrained to lie in the plane of the guedion of the FLR model which states that the height of the ion

4
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IV. SUMMARY AND CONCLUSIONS

The fixed-host layer LDH materials,
(CGO3/Cl)(ZnAl):LDH, exhibit unique basal spacing dynam-
ics due to the interplay between strongly electronegative Cl
anions and guest layer water molecules. The height of the

—d=1-(1-x)°

- o Ve Lic 27130 bare Cl ion is larger than that of the @@n, however, the
0.4 I ' - in-plane diameter of the CQon is larger than that of the CI
A VaeLiTis, 3.5 ion. Therefore the CQion is prevented from nesting while
02 O [Ch(COYJLDH 4.8 i the Cl ion can nest into the trigonal pockets of the bounding
+ [Rb;,Cs]Vm 6.5 host layers. For the dehydrated materials, the nested height
0 . ] ; of the Cl ion is smaller than the height of the ¢@n re-
0 02 0.4 0.6 0.8 1 sulting in a retrograde response where the basal spacing due
X to the larger, yet nested, CI ion is smaller that the basal

. . . spacing due to the smaller GQon. For the partially hy-
_ FIG. 16. The normalized basal spacing vs concentradffor  grated material, up to five guest layer water molecules, with
Li,Cs (circles, Li,TiS, (triangles, Cl_(COg)(ZNA)LDH o niane of the molecule parallel to the host layer, can form

(squares and R _,Cs, vermiculite (diamond$. The error bars are . . . . ;
smaller than the data points for each material. The solid lines repf::1 hydration ring around the Cl ion. Since the height of 3,CO

resent a fit of the FLR modéEq. (5] to each data set. The inter- ion and gwater molecule having a small tilt angle a.reldefined
layer rigidity parametep) determined from each fit is shown in the Y the size of the oxygen atom, the basal spacing is indepen-
legend. dent of ionic concentration. For fully hydrated materials
abovex=0.5, each ClI ion has, on average, more than five
is assumed to be fixed. For the partially hydrated materialsnmeear;isé;nﬁ |%rrll;§gnwrei1;er ;r;gllje;]c dUI?hSé I(r;]| (i)(;ge;r]tg \];\(/)z;tn;ramsolf
the basal spacing is independent of the relative concentrationcules mugt tilt aroung thelt. axis. This I,ar e tilt angle
of guest layer ions. This results because the heights of both 2v : Arg 9
causes a water molecule to become an active member of the

the CQ; ion and the solvated, nested Cl ion are defined by ; .
the size of an oxygen atom. That is to sin=hg in the guest layer because it now has a height larger than both the

: ; - nested Cl ion and the COion. This active nature of the
FLR model which violates the definition &fy, andhg as the .
heights of different size ions. In both of these cases, th water molecules causes the basal spacing to be not only a

) . unction of ionic concentratior{x) but also a function of
presence of water molecules in the guest layer violates keMydration &)

asslﬁ?ﬁfrn;Osfut:ceels:sl_fljllmgde:' the FLR model it is neces- For the (CQ/CI)(ZnAl)LDH materials, the CI end-
Y apply member k=1) is the only material to exhibit a change in

sary to remove the guest layer water molecules as has beep

done for the dehydrated materials. The curve associated Wi%ackmg sequence upon dehydration. In the fully hydrated

the dehydrated materials has the necessary superlinear forng the material exhibits aR stacking sequence. In the
y y sup dehydrated form, the material exhibits & 2stacking se-

however, the basal spacing is larger for the smaller ion. As . ; .
. ' P 9 9 uence. Also in thex=1 dehydrated material, the Cl ions
discussed above, this retrograde response results from t ) !
orm a (y3x /3)R30° in-plane superlattice.

fact that the nested CI ion has an effective height that i . .
actually less than the height of the €@n. This can be Becauge the height Of. the solvatgd, nested Clion is 9qual
reconciled by lettingh, be the effective height of the nested to th.e height ,Of the C@ln.the_ partially hydrated materlgl
Clion andhg be the height of the CQion which is equiva- and is a function of hydration in the fully hydrated material,
the discrete finite layer rigidity model can be used to study

lent to plotting the basal spacing as a function of the; @D L . X
concentration rather than the Cl ion concentration. The datglhe layer rigidity of only the dehydrated materials. With the

i . nested Cl ion as the smaller member of the guest layer, a fit
for the .deh_ydrated (CQC_I)(ZnAI).LDH .matenals are SO ot the FLR model to the normalized basal spacing vs; CO
plotted in Fig. 16 along with the normalized basal spacing

; | other | 4 solids which h ; Jonic concentration produces an interlayer rigidity parameter
or several other layered solids which are shown for com-,_ 4 g4+ .06, This value for the fixed-host LDH's validates

parison and which have been previously anal;}%‘édus?ng revious work on variable-host layer LDH materials which
the FLR model. The discrete FLR model has been fit to all,.oquced an interlayer rigidity parameter-5. When com-

figure wherep=4.84+0.06 for the LDH. Here the FLR found to be stiffer than dichalcogenides but not as stiff as
model is successfully applied to the fixed-host layer LDHgajumino-silicate clays.

materials and the results compare directly with those of other

layered solids. LDH materials are seen to be stiffer than

clgss—ll layered solids such as the dlchalcogenld.e_s but not as ACKNOWLEDGMENTS

stiff as class-lll layered solids such as alumino-silicate clays.
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variable-host layer materials where the interlayer rigidity pa-and assistance with regard to thigrax simulation program.
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