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Nucleation front instability in two-dimensional
(2D) nanosheet gadolinium-doped cerium oxide
(CGO) formation
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Herein we report for the first time the synthesis of ceramic-organic three-dimensional (3D) layered
gadolinium-doped cerium oxide (Ce;_xGdxO,_s, CGO) and its exfoliation into two-dimensional (2D) nano-
sheets. We adopt a water-based synthetic route via a homogenous precipitation approach at low tempera-
tures (10-80 °C). The reaction conditions are tuned to investigate the effects of thermal energy on the final
morphology. A low temperature (40 °C) morphological transition from nanoparticles (1D) to two-
dimensional (2D) nanosheets is observed and associated with a low thermal energy transition of ca. 2.6 kJ
mol™. For the 3D-layered material, exfoliation experiments are conducted in water/ethanol solutions. Sys-
tems at volume fractions ranging from 0.15 to 0.35 are demonstrated to promote under ultrasonic treat-
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Introduction

In the last few decades, three-dimensional (3D) layered mate-
rials have attracted huge interest due to the innumerable pos-
sibilities deriving from their peculiar and versatile
structure."® Such materials consist of stacked two-
dimensional (2D) nanosheets spaced with interlayer galleries
that provide a flexible space to accommodate various sized
functional molecules (e.g., pollutants)>*® or specific active
sites (e.g. active catalyst materials).>® Layered structures
have also attracted interest as a source of 2D nanosheets,
achievable as stable colloidal suspensions via the exfoliation
of the 3D structure in an adequate solvent system.”” 2D
nanosheets are an emerging class of nanomaterials having
atomic thickness (single or a few atomic layers) and infinite
planar lengths.® The thickness of the nanoconfinement asso-
ciated with an extended surface area provide the 2D materials
with unique properties compared with their bulk counter-
parts.” These characteristics have immense potential for a
wide range of host applications, ranging from electronic/opto-
electronic devices, catalysis, energy storage and conversion,
biomedicine, nanoscale sensors, photodetectors and light-
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ment the delamination into 2D nanosheets.

emitting diodes (LEDs).'® Given their unique structural fea-
tures, 2D nanomaterials have also been widely explored as
nano-building blocks to fabricate heterostructures."’ With
this in mind, the exfoliation approach associated with
solution-based processing techniques (e.g., inkjet and 3D
printing) paves the way for a wide range of innovative mate-
rials obtained by adequately re-combining 2D nanosheets in
new 3D structures.">"* This approach enables the design and
tailoring of specific properties that can be obtained by com-
bining together different 2D materials into a single hetero-
structured material."*

However, the solution-based approach poses the challenge of
synthesizing the starting 3D layered materials with the desired
composition. Several synthetic strategies have been proposed in
the literature for the preparation of 3D layered compounds. The
different methods span from solid state reactions* to hydro-
thermal processes,” including the precipitation approach.'®
This latter synthetic route has been extensively used in the syn-
thesis of layered double hydroxides (LDHs) as it allows
obtaining micrometer-sized and highly crystalline structures.'®
It is a water-based synthetic route that makes use of urea or
hexamethylenetetramine (HMT) as a pH regulator.”” The slow
and progressive hydrolysis of urea and HMT makes it possible
to attain a homogenous and controlled release of hydroxyl ions
in solution.”” The reaction likely occurs at the 2D-nucleation
front where the layers are formed. Typically, the homogeneous
precipitation of layered materials proceeds through the nucle-
ation of positively charged nanosheets followed by their assem-
bly as layered materials via intercalation with negatively charged
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counter anions. This method has been successfully applied to
synthesize layered materials other than LDHs,'*" thus en-
abling other strategic applications.”*?*

In this work, for the first time, gadolinium-doped cerium
(CGO) oxides were synthesized as 3D layered materials via
the homogenous precipitation approach at low temperatures
(<40 °C). CGO materials were selected because of their rele-
vance in diverse applications, including biomedical®* cataly-
sis and environment and energy related technologies.>® The
use of the water-based homogeneous precipitation route for
the preparation of ceria-based oxides has already been
reported.'®>*>” However, to the best of our knowledge, no in-
vestigations about the effect of the reaction conditions on the
morphology of the final product have been reported.

The nucleation front for the formation of 2D CGO nano-
sheets was observed to occur at a relatively low thermal en-
ergy (~2.6 kJ mol™). Exfoliation experiments were also suc-
cessfully conducted using a co-solvent approach.””

Experimental
Materials and methods

All starting chemicals were of reagent grade and stored in a
desiccator. Gadolinium nitrate (Gd(NO;), Sigma-Aldrich, Bra-
zil) and cerium nitrate (Ce(NOj3)-6H,0, Sigma-Aldrich, Brazil)
were used as precursors to GCO. Hexamethylenetetramine
(HMT, Sigma-Aldrich, Brazil) and sodium dodecyl sulfate
(SDS, Sigma-Aldrich, Brazil) were used to promote the homo-
geneous nucleation of the 2D nanosheets and their precipita-
tion into 3D structures, respectively. Different level of gado-
linium doping (e.g. Gdg10Cer000, and Gdg,oCeg 5002,
indicated as CGO10 and CGO20, respectively) were prepared.

Synthetic procedures

In a typical procedure, aqueous solutions of cerium nitrate
(0.05 M), gadolinium nitrate (0.05 M), SDS (0.1 M), and HMT
(2 M) were prepared. The required volume of gadolinium so-
lution (depending on the doping level) was added to 20 ml of
cerium nitrate solution. A mixed solution of 10 ml of SDS
and 1 ml of HMT was slowly added to the cerium-gadolin-
ium nitrate solution. As the last step, 20 ml of water was
added. Different conditions of reaction were studied in the
temperature range 80-10 °C. The reactions at 80 and 40 °C
were carried out under reflux and stirring conditions for 6
and 10 hours, respectively. The reactions at low temperatures
(30 and 10 °C) were conducted in still conditions (no mag-
netic stirring) for 2 weeks. The reaction time was fixed based
on the X-ray diffraction (XRD) results recorded over time. Af-
ter the reaction, precipitates were filtered and carefully
washed with water and ethanol, then dried in a vacuum oven
at 30 °C overnight.

Exfoliation

The exfoliation reaction was performed in water/ethanol sys-
tems with increasing contents of ethanol expressed as vol%
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(from 0 to 100 vol%). In a typical experiment, around 0.5 g of
layered materials were added into 10 ml of the solvent and
sonicated at 40 °C for 8 hours. The solutions were then
centrifuged (3000 rpm for 20 min) and the supernatants used
as nanosheet suspensions.

Characterization

X-ray diffraction (XRD) was used to characterize both the lay-
ered and crystal structures of the materials. A Rigaku
MiniFlex (Rigaku Corporation, U.S.A.) diffractometer was
used in the 20 range of 5-60°. A Rigaku SmartLab (Rigaku
Corporation, U.S.A.) diffractometer was used to investigate a
larger 0-26 range (1-90°). Bragg's law, 1 = 2dsin #, was used
to calculate the interlayer spacing d.

The morphology of the CGO materials was observed by
field emission scanning electron microscopy (FESEM, Supra,
Carl Zeiss, Germany) and by transmission electron micros-
copy (TEM, JEM3000F, Oxford Instruments, UK). The chemi-
cal composition of the samples was determined by energy-
dispersive spectroscopy (EDS) coupled with FESEM.

Results and discussion

The influence of temperature on the morphologies was care-
fully investigated. For all compositions, similar trends in the
reaction temperature was observed. As an indication of the
temperature-dependent behaviour observed, in Fig. 1a-b, the
XRD patterns for CGO10 are reported. A clear effect of the re-
action temperature is observed. Consistent with our previous
results®>” and with literature data,”® a pure fluorite phase is
obtained when the material is prepared at 80 °C.

At decreased temperatures, the typical peaks of a lamellar
structure are then identified and associated with the plane
(007).>® Specific features are observed at different reaction
temperatures. Indeed, while the peaks for lamellar and fluo-
rite structures coexist in the XRD pattern of the CGO material
prepared at 40 °C, a lamellar structure dominates the mate-
rial when CGO is prepared at lower temperatures (e.g. 30 and
10 °C). It is worth clarifying that in the XRD patterns of CGO
prepared at 10 °C and 30 °C, the presence of the peaks of the
lamellar structure might not exclude the presence of the fluo-
rite peaks. The intensity of the peaks of the interlayer planes
might have overpowered the fluorite peaks, resulting in their
absence in the mean XRD pattern. In contrast, when the syn-
thesized material exhibited no layered structure, the fluorite
peaks are observable, and are associated (in the current work)
with the CGO nanoparticle formation.

The XRD patterns of the layered material were analysed,
and the peaks were assigned to the corresponding diffraction
planes (Fig. 1b). The basal spacing for the layered materials
was estimated using Bragg's equation using the theta value
of the (001) reflection. In Fig. 1b, sharp peaks equidistant
from one another suggest highly developed and regular la-
mellar structures with an ~2.4 nm spacing, as calculated
from the XRD data. Such a relatively large spacing is consis-
tent with the intercalation of the dodecyl sulfate anions (DS

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns for the CGO10 materials (a) prepared at different
reaction temperatures and (b) for the CGO10 layered materials. The
fluorite phase is indicated with asterisks and lamellar planes (00!) are
assigned.

anions)'® and it is independent of the reaction temperature

(10 and 30 °C). Yet, the increment of the peaks intensities
with decreasing temperatures is indicative of a corresponding
increase in crystallinity.

Fig. 2a-d show the FESEM images for the CGO10 prepared
at different temperatures. The FESEM images are reported at
different magnifications to emphasize both the morphologi-
cal features and the effect of the reaction temperature.
Fig. 2a shows that the material synthesized at 80 °C is com-
posed of agglomerated nanoparticles of 5-10 nm. The parti-
cles were embedded in a polymeric formation (the dark area
in Fig. 2a). This soft chemistry route was found to result in
an intense yellow powder with good sintering properties, as
reported elsewhere.>®” Fig. 2b shows CGO10 synthesized at
40 °C, where a mix of nanoparticles and fibrous layered struc-

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Fig. 2 SEM micrographs for CGO10 samples prepared at (a) 80 °C, (b)
40 °C, (c) 30 °C, and (d) 10 °C; (e) EDS elemental analysis on CGO10
prepared at 30 °C for cerium (Ce), gadolinium (Gd), and oxygen (O).

tures are observed. Both CGO10 samples synthesized at 30 °C
(Fig. 2¢) and 10 °C (Fig. 2d) possess pure layered morphol-
ogies characterized by tubular fibrous structures. A rather
homogenous dimensional distribution of the layered struc-
tures was observed for the CGO10 prepared at 30 °C. Decreas-
ing the reaction temperature to 10 °C resulted in larger nano-
structures. The CGO materials characterized by a layered
morphology (including CGO prepared at 40°) exhibited a

CrysttngComm, 2018, 20, 1405-1410 | 1407
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whitish appearance. These results indicate a transition from
nanoparticles to 2D layers controlled by the reaction
temperature.

In Fig. 2e, the elemental analysis for CGO10 is reported. A
uniform distribution of gadolinium (Gd) is observed,
confirming the introduction of Gd into the fluorite structure
of cerium oxide (CeO,).

a) Nanoparticles

:31 nm (022)

b) Layered structure

3D layered
structure
e —

CGO@30 °C

Interlayers

Fig. 3 TEM micrographs for CGO10 prepared at (a) 80 °C and (b)-(d) 30
°C, at different magnifications. The insets in (a) and (d) are SAED patterns.
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The morphology and crystallinity of the materials were
further investigated by transmission electron microscopy.
Fig. 3a shows a TEM micrograph of CGO10 prepared at 80
°C.

CGO particles with sizes of around 5 nm can be observed.
The selected area electron diffraction (SAED) pattern, inset in
Fig. 3a, suggests the short range (nanoscale) ordering charac-
teristic of the fluorite phase. The tubular structure for the lay-
ered materials (CGO10 prepared at 30 °C) is confirmed in the
TEM micrograph (Fig. 3b). A well-ordered and regular dispo-
sition of the lamellas into a 3D structure is identified
(Fig. 3c), with a regular distance from one layer to another of
around 4 nm.
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Fig. 4
micrograph of CGO20.

(@) XRD patterns at different temperatures and (b) TEM
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Fig. 5 (a) Photograph of the colloidal suspension of CGO10 exfoliated
nanosheets in an ethanol/water co-solvent (at 25 vol%) system. The
light beam was incident from the side to demonstrate the Tyndall ef-
fect. (b) TEM micrograph of the CGO nanopackets.

The distance was evaluated by analysing the TEM images.
In Fig. 3c, to make it observable, the number of inter-layers
in 50 nm are indicated. The value estimated includes both
the thickness of a single CGO nanosheet (~1 nm) and the
thickness of a dodecyl sulfate (DS) anion (~2.4 nm, as
obtained from the XRD pattern). Further, in Fig. 3d, a top
view of the 3D structure indicates that the 2D stacked layers
exhibit a well-defined organization of the atoms. This ar-
rangement corresponds to the fluorite phase, as indicated by
the selected-area electron diffraction (SAED) pattern (inset,
Fig. 3d) and supported by a fringe spacing of 0.31 nm
indexed to the (111) plane of the fluorite phase.

Electron diffraction (ED) enables us to identify the texture
of a single fluorite CGO layer, which was not detected by the
XRD analysis.

A dependence of the morphology on the reaction tempera-
ture is definitely observed. Such an effect can be reasonably
associated with the thermal energy of the system, expressed
as Navogadro X k x T. At the lowest temperature, the thermal

This journal is © The Royal Society of Chemistry 2018
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energy of the system is such as to enable the materials to be
arranged into atomically thin 2D nanosheets. At higher
values of temperature (e.g., 80 °C), the CGO system fails to re-
tain the planar morphology because of the higher thermal
energy, and it collapses into nanoparticles (1D). In this 2D-
1D morphological transition, the threshold temperature is
identified to be 40 °C, corresponding to a thermal energy of
around 2.6 kJ mol™. At this temperature, both 2D and 1D
morphologies are observed. This threshold can be associated
with a sort of instability for the nucleation front of the 2D
morphology.

Interestingly, regardless of the morphology, all the mate-
rials synthesized are polycrystalline with a fluorite arrange-
ment of the atoms (see Fig. 3a and d). This excludes any in-
fluence of the growth mechanism of the crystals on the
temperature-dependent morphological transition, and it is
thus reasonably ascribed to the thermal energy of the system.

No effect of composition (e.g., Gd doping level) was ob-
served either on the 2D-1D morphological transition or on
the temperature at which the transition occurred. In Fig. 4a,
the XRD patterns for CGO20 obtained at three different reac-
tion temperatures (30 °C, 40 °C and 80 °C) are reported. As
already pointed out for CGO10, at increasing temperatures a
clear transition from a pattern originating from the lamellar
structures to the typical peaks of the fluorite phase (that
identifies the nanoparticles) is observed. Again, at 40 °C, a
mix of lamellar and fluorite peaks is detected, suggesting this
value of temperature as a threshold in the 2D-1D transition.
For the layered materials, an interlayer distance of around
2.4 nm is obtained, which is in agreement with the interlayer
distance estimated for CGO10. The TEM micrographs for the
CGO20 materials confirm both the nature of the nano-
particles and the lamellar structures for the products pre-
pared at temperatures higher and lower than 40 °C, respec-
tively (not shown). For brevity, herein, only the TEM
micrograph of CGO20 prepared at 30 °C is shown (see
Fig. 4b). A well-ordered lamellar structure is definitely ob-
served with an average distance of around 4 nm, which is in
agreement with the interlayer distance obtained for the
CGO10 materials with the dodecyl sulfate anion
intercalation.

Preliminary exfoliation experiments were carried out by
sonicating the CGO10 layered structures prepared at 30 °C in
a water/ethanol solvent. A number of publications have dem-
onstrated that an efficient exfoliation process is only achieved
by using solvents that can minimize the interfacial energetic
cost. This is usually obtained when the surface tension of the
solvent matches the energy associated with the 3D structures
(e.g.  the energy required to exfoliate the layered
structure).”?°' The typical translucent aspect and the Tyn-
dall effect, characteristic of nanosheet colloidal suspen-
sions,>**>?3 were observed for the solutions at water/ethanol
volume ratios varying from 0.15 to 0.35 (see Fig. 5b).

Fig. 5b shows a TEM micrograph of the CGO nanosheets
dispersed in the colloidal solution. Lamellar structures char-
acterized by lateral dimensions of hundreds of nanometres

CrystEtngComm, 2018, 20, 1405-1410 | 1409
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are observed. It is worth specifying that the thin nanosheets
obtained are likely nanopackets containing a small number
(<10) of stacked monolayers, as previously reported
(Fig. 5).%>%

Conclusions

For the first-time, CGO layered materials were synthesized
and exfoliated into 2D CGO nanosheets. A water-based homo-
geneous precipitation route was adopted at a temperature
<40 °C. A low energetic threshold for the formation of the
2D layers was identified (ca. 2.6 kJ mol™", 40 °C), suggesting
thermodynamic control over the morphology of the final
product. The exfoliation into 2D nanosheets was obtained in
water/ethanol solvent systems at volume ratios ranging from
0.15 to 0.35.
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