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Using a two-step synthetic route that first takes benefit of an «-Zr(HPQOy), - H,O (a-ZrP) exfoliation process
followed by an air-liquid foam shaping method we have designed for the first time 3D macrocellular foams
made of a-ZrP lamellae. Apart from this high scale texturation we were able to tune the macroscopic void
space shapes (polygonal-type or spherical-type) as well as cell wall thickness by varying the starting foam’s

water volume fraction (p). Also, by adjusting the size of the porous disk employed during the bubbling
process we can define the macroscopic cell diameters with a strong degree of control.

Introduction

Chemistry of shapes is a new domain of research that encom-
passes the areas of chemistry, physical-chemistry and of bio-
logy.! By combining soft chemistry and fluid complexes? it is
possible to promote architectures hierarchically organized
leading to the concept of “synthesis over all length scale”.?
In this specific context, sol-gel chemistry and lyotropic meso-
phases can be associated to generate inorganic polymers with
mesoscopic void spaces while metastable thermodynamic sys-
tems can induce macroscopic organization.>* For instance,
mesoporous silica hollow spheres can be reached using either
direct® or reverse emulsion® to pattern these specific shapes.
For example, by employing a direct emulsion it is possible to
reach macrocellular silica® or titanium oxide monoliths.” In
this connection, we were able for the first time to tune the
macroscopic cell diameters of such monoliths by increasing the
oil volume fraction of the starting emulsion, leading to en-
hancement of both the emulsion viscosity and the shearing
effect applied over the droplets, so minimizing their diameters.*
In order to increase the size of the macroscopic cells above
70 pm we have to switch toward another metastable thermo-
dynamic system, namely air-liquid foams. By combining the
sol—gel process and air—liquid foams as a macroscopic template
we obtained diverse inorganic macrocellular foams where both
the macroscopic cell shapes and diameters as well as the cell
wall (called in rheology the Plateau-border) thicknesses were
designed with a strong degree of control.>'® This approach
should certainly not be restricted to inorganic oxide polymers.
We decided to extend the approach to the mineral salt zirco-
nium bis(monohydrogen orthophosphate) monohydrate,
Zr(HPO,),-H,0 (u-ZrP). The o-ZrP structure is layered!'!
and exhibits ion-sieve and enhanced catalytic properties,'?
especially due to the presence of acid P-OH groups on the
surfaces.!""'* A wide scope of guest entities have been inter-
calated into the o-ZrP lamellae, ranging from luminescent
cations,'* organic molecules with diverse properties (optical,
conductivity and so forth)!® to protein macromolecules'® or
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polymers.'” Also, besides possible application in chemical
processing of radioactive materials, new insights have been
recently found toward water desalination and fuel cells.'® In
order to access phase separations associated with catalysis or
filtration-ion exchange applications, the generation of inter-
connected mesoporous—macroporous monolith-type materials
appears an important task—as seen from the increase of
research dedicated to inorganic aerogels.!” Also, despite the
confinement media that offers an o-ZrP interlayer gallery, a
major problem is that expansion of the host sheets and inward
diffusion of the guest entities during the intercalation processes
constitute enthalpy penalties leading for instance to a concen-
tration threshold in the binding isotherm of analyte mole-
cules.”® This characteristic limits in all cases the cation
exchange kinetics, and monophasic configuration of the guest
organic entities through the entire interlayer galleries is not
assured. One possible answer is to exfoliate the sheets, a
strategy widely used to promote supramolecular assemblies,>!
thin self-standing films** or membranes.*

We describe herein the first three-dimensional shaping of o-
ZrP using an air-liquid foam macroscopic pattern and a widely
used unilamellar colloid of a-ZrP produced through exfoliation
of the lamellac with methylamine.®* We demonstrate the
capability of obtaining zirconium phosphate macrocellular
foams where both the shape and thickness of the macroscopic
cells and walls can be tuned upon varying the starting foam’s
water volume fraction, while macroscopic cell diameters are a
function of the capillary sizes used during the bubbling process.

Experimental

Materials

All materials were used as received without further purifica-
tion. Zirconium tetraethoxide and Tergitol NP9 were pur-
chased from Aldrich. Orthophosphoric acid (85%) and
fluoridric acid (40%) were purchased from Prolabo.

This journal is © The Royal Society of Chemistry and the
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Fig. 1 Zirconium phosphate hybrid foams obtained as a monolith. a) Monolith obtained with a bubbling apparatus pore size range of 1640 um,

b) monolith obtained with a bubbling apparatus pore size of 40-100 um.

Synthesis

The synthesis of a-ZrP for this study is directly taken from
ZrF¢*~ metathetic decomplexation under phosphoric acid
conditions.?® 7 g of zirconium tetraethoxide is dispersed within
150 ml of deionised water and 84 ml of H;POy is added. The
solution is stirred for two hours in order to promote both
zirconium tetraethoxide hydrolysis and concomitant amor-
phous zirconium phosphate precipitation. Then 4 ml of HF
are added to this solution placed within a plastic canister and
the solution is stirred until completely clear. This solution is
allowed to evaporate at 70 °C while the volume is kept constant
by addition of deionised water. Finally o-ZrP microcrystals are
washed three times with deionised water and allowed to dry in
air. Then 3.7 g of a-ZrP is dispersed within 170 ml of deionised
water and 1.2 g of methylamine is added drop by drop. The
total volume is then brought to 200 ml by adding deionised
water and the appearing gel is then sonicated for one hour,
stirred over night and allowed to age for four days. Finally,
2.1 g of Tergitol NP9 is added and the resulting mixture is
stirred for one hour. During this period the gel viscosity
decreases. This neutral surfactant was chosen both to stabilize
the foams during the bubbling process and to avoid o-ZrP
flocculation. The as-synthesized sol is very stable, even over a
period of two months, meaning that a-ZrP does not flocculate
(individual sheets do not stack on each other).

Foaming process

The air-liquid bubbling processes start in a plexiglas column
(2.5 cm x 2.5 ecm x 60 cm high) under a specific sol flux, (Q)
that allows wetting of the growing foams. Foam was obtained
by bubbling perfluorohexane saturated with nitrogen through
a porous glass disk (porosity: 100-160 um, 40-100 pm, 1640
pm) into the foaming solution. The metastable foams were
collected at the top of the column with a spatula and placed in
a beaker. These foams were then frozen over night at —80 °C
and lyophilised for 5 h. The resulting hybrid organic-inorganic
monolith-type materials were then heated at 400 °C in air to
both calcine the surfactant and sinter the inorganic scaffolds.
For the calcinations, the increase of temperature was moni-
tored at 2 °C min~' with a first plateau at 200 °C for 2 h. The

cooling process was uncontrolled and directed by the oven
inertia.

Characterization

SEM observations were performed with a JEOL JSM-5200
scanning electron microscope operating at 25 kV. The speci-
mens were gold-coated prior to examination. TEM experi-
ments were performed with a Jeol 2000 FX microscope
(accelerating voltage of 200 kV). The samples were prepared
as follows: powdered zirconium phosphate foams were depos-
ited on a copper grid coated with a formvar membrane. XRD
measurements were obtained using an X’pert MPD Philips
using Cu Ko radiation with an average current of 50 mA.
Thermogravimetric analyses (TGA) were carried out under an
oxygen flux (5 cm® min~") using a heating rate of 5 °C min~".
The apparatus is a Stearam TAG-1750 thermo gravimetric
analyser.

Results and discussion

Upon the two-step exfoliation—foaming strategy described
above, the final zirconium phosphate compounds appear in a
three-dimensional monolith state (Fig. 1).

It is well known that a colloid of a-ZrP, made of exfoliated
sheets, has the capability of forming self-standing films upon
drying, mainly induced by the enhanced anisotropic aspect
ratio of the a-ZrP particles.”*** Herein we associate to the
exfoliation process a metastable thermodynamic system,
namely air-liquid foams, to promote a template at the macro-
scopic length scale thus offering for the first time the capability
of generating zirconium phosphate macrocellular foams. The
overall strategy is summarized in Scheme 1.

By extending a non-static foaming pattern metho to o-
ZrP we first aim to tune the macroscopic cell morphologies by
adjusting the starting air-liquid foam liquid fractions (p);
knowing that p corresponds to the volume of liquid constitut-
ing the foam divided by the foam total volume. The relation-
ship between p and the foam morphology can be expressed
with the following equation:*®

p = 0.171(r/Lpg)* + 0.256(r/Lpg)’
~ a/Lpp™ [1 + 3.98(a/Lpg>)"]

d8—10

(step 1) (step 2
= CH,NH,/H,O 3';2 far'?‘_?} air-liqud foammg
= = NPS‘ prooess
Powrder of Sol of mrconnum phosphate Zivconnum phosphate
zivconnam phosphate exfolisted sheets macwocelhilar fHam

Scheme 1 General two-step procedure used to promote zirconium phosphate macrocellular foams.
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Fig. 2 SEM pictures of zirconium phosphate hybrid foams obtained
by varying the sol flux (Q) imposed at the top of the foam during
the bubbling process. a) @ = 0 g s~ (foams not wet from above), b)
0=0.12gs ', ¢) 0 =022gs ' The scale bars represent 600 pm.

Where “r” is the Plateau border (rheology terminology for
the cell walls) curvature, “Lpg” is the Plateau border length
and “a” is the Plateau border width. The foam liquid fraction
can be tuned by varying the sol flux (Q) injected at the top of
the foam. Using this drainage property either polygonal-type
(Fig. 2a and 2b) or more spherical-type (Fig. 2c) o-ZrP
macroscopic cell morphologies are obtained. Beyond the in-
organic scaffold macrocellular shapes, the cell wall thicknesses
can be tuned by varying the foam’s liquid fraction. In this
connection, a-ZrP cell wall thicknesses are strongly related to
the wetting strength (Q) applied at the top of the starting air—
liquid foams (Fig. 2).

In order to modulate the average macroscopic cell diameters
we varied the porous disk employed at the bottom of the
column during the bubbling process (Fig. 3). We can observe
that the Plateau border lengths can vary from around 100 um
up to more than 600 um. In regards to the SEM pictures (Fig.
3), we can notice a polydispersity associated to the cell dia-
meter. This polydisperse nature is first induced by the pore
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Fig. 3 SEM pictures of the zirconium phosphate hybrid foams
obtained with different pore size apparatus at a constant sol flux
(0 =0 g s~ ). a) Pore size range 16-40 pm, b) pore size range 40-100
um, c) pore size range 100-160 pm. The scale bars represent 600 pm.

sizes of the bubbling apparatus, which are associated to a pore
size range, 1640 pum for instance, and not to a single pore size
value. Secondly, this polydispersity is enhanced by an intrinsic
thermodynamic phenomenon that is well-known to be a strong
penalty toward bubble size monodispersity, namely the Oswald
ripening.?’

Also, whatever the experimental condition in use, SEM
investigation of the foam wall reveals a secondary intra-wall
macroporosity (Fig. 4a). This secondary porosity is certainly
caused via the statistical aggregation of the particles during the
sublimation process. Also, we can notice that the aspect ratio
of the particles, that constitute the foam walls, is high with a
very thin sheet-like topology (Fig. 4b).

TGA experiments have been performed in air in order to
determine the hybrid foam stoichiometry (Fig. 5).

The total weight loss associated to a-ZrP, from ambient
temperature and up to 550 °C, is 12% which corresponds to the
loss of two water molecules leading to the formation of
pyrophosphate ZrP,0; (Fig. 5a).!' Over the same temperature
range the total weight loss of the powder, resulting from the
drying of a-ZrP/methylamine exfoliated colloid, is 20% (Fig.
5b). When compared with the weight loss associated to o-ZrP
for the same temperature range the amount of organic matter
coming from the methylamine is 8% which corresponds to the
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Fig. 4 SEM visualization of the zirconium phosphate hybrid foam wall obtain with the pore sizes range (1640 um) at a constant sol flux

(0 =0 gs "), b) same sample at different magnification.

following stoichiometry, Zr(HPO,4)>,(CH;NH,)q55- 1H,O. Fi-
nally, taking into account the previous result and the total
weight loss of 69% associated to the hybrid foams (Fig. 5c) the
amount of organic matter associated to the tergitol NP9
(C33010Hg0) is 49% which corresponds to the following stoi-
chiometry of the hybrid zirconium phosphate foams obtained
through this Study, Zr(HPO4)2(CH3NH2)O_g5 . leO/
(C33019Hg0)0.54- We can observed that the organic weight loss
associated to the hybrid foams is completed at 350 °C, which is
the main reason why the temperature treatment of the hybrid
foam was chosen to be 400 °C for 6 hours in air. Also, by
increasing the temperature treatment up to 650 °C, final
pyrophosphate scaffolds do not collapse. The second reason
why we choose to stop the calcination temperature at 400 °C is
because it has been recently proven that a-ZrP enhances acid,
basic or redox sites when treated at 300 °C, properties that
decrease slightly when treated at 500 °C where zirconium
pyrophosphate (ZrP,0-) is obtained.!®

In order to assess the microstructure of the zirconium
phosphate compounds we performed XRD experiments (Fig.
6). First the synthetic procedure employed for this study allows
reaching well crystalline o-ZrP with specific dyy, interlayer
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Fig. 5 TGA experiments performed in air with a heating rate of 2 °C
min~'. a) a-ZrP, b) a-ZrP/methylamine exfoliated colloid, ¢) hybrid
a-ZrP macrocellular foam.

distance of 7.56 A (Fig. 6a). Following dispersal of a-ZrP in
water and exfoliation using methylamine the XRD pattern
reveals an amorphous character where all the 001 diffraction
lattices have vanished, meaning both that the layered com-
pound is in fact exfoliated and that the sheets are subject to
partial hydrolysis (Fig. 6, inset).>** When tergitol is added to
the previous colloidal sol we notice that the XRD pattern is
still the same (Fig. 6, inset), a feature that demonstrates
that this non-ionic surfactant is not promoting flocculation
of the a-ZrP sheets. Also we can observe on Fig. 6 that the
XRD patterns performed on Zr(HPO,4),(CH3NH,)(g5- 1H,O
self-standing film, powdered to avoid preferential orientation
(Fig. 6b), and Zr(HPO4)>(CH3NH,)o.55 - 1H20/(C33010H60)0.54
hybrid foam (Fig. 6¢) are rather similar, thus enhancing the
fact that the tergitol entities are not interacting with the
zirconium phosphate sheets. In both case we obtained a
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Fig. 6 XRD patterns of: a) a-ZrP, b) Zr(HPO,4),(CH3NH,)q g5 - IH,O
powdered self-standing film, c¢) Zr(HPO,),(CH3;NH,) g5 1H,O/
(C33019Hg0)0.54 hybrid foam, d) zirconium phosphate foam treated at
400 °C. Inset: (+, bottom) a-ZrP/methylamine colloidal sol, (O, top)
a-ZrP/methylamine/tergitol colloidal sol.
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biphasic system with two sets of interlayer distances dby> and
30> of respectively 12.4 A and 10.0 A.

The biphasic nature of these phases can be explained by the
fact that, beyond exfoliation, the methylamine molecules are
promoting partial hydrolysis of zirconium phosphate lamellae,
thus enhancing their mechanical flexibility and so their ability
to accommodate diverse amounts and/or configurations of the
intercalated guests.?>*

At first glance, the fact that both Zr(HPO4)>,(CH;NH>»)g g5 -
IH,O0 powdered self-standing film and Zr(HPO,),
(CH3NH2)0_85 . 1H20/(C33010H(,0)()_54 deplct the same biphasic
nature with moreover the same interlayer distances, is not
obviously explicable, mainly because the drying process for
those two set of compounds are not the same at all. In the
Zr(HPO,),(CH3NH,)g g5 - IH,O former case the compound is
allowed to dry in air thus favoring lamellae self-stacking
(flocculation) upon the water evaporation process. This is not
the case for the hybrid foams where the driving force associated
to the cold-lyophilisation drying process is not water evapora-
tion but rather sublimation. To explain the d spacing simili-
tude, despite the discrepancy of the drying processes that have
been used, we can hypothesize the following scenario. Specific
parallel configuration of the anisotropic exfoliated lamellae
within the Plateau-borders of the starting air-liquid foams is
certainly enhanced by the high sol flux existing in this specific
region of the foam.?® The sol flux that exists within the Plateau-
borders regions is aligning, by a shear stress effect, the zirco-
nium phosphate sheets parallel to each other due to their high
aspect ratio. By heating the hybrid foams up to 400 °C we can
observe that despite the enhanced amorphous character of the
zirconium phosphate foams (Fig. 6d), a dyg» spacing of 6.4 A is
preserved, a distance that corresponds to the o-ZrP sheet
thickness.!! Also the allotropic transformation toward pyro-
phosphate ZrP,O is not yet completed.

Conclusion

Upon a non static patterning method that combines o-ZrP
colloid exfoliated sheets and an air-liquid foaming process
zirconium phosphate macrocelluar foams have been obtained.
At the macroscopic length scale we designed both the cell
shapes and wall thickness while the cell diameters varied with
the size of the capillary used during the bubbling process. The
macrocellular foams reveal sub-macroporosity of the intra-
walls. These macrocellular foams made of a-ZrP exfoliated
sheets and obtained within a monolith state should enhance the
applications associated to zirconium phosphate.
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