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A novel High-Throughput Continuous Hydrothermal (HiTCH) flow synthesis reactor was used to make
directly and rapidly a 66-sample nanoparticle library (entire phase diagram) of nanocrystalline Ce,Zr,Y, 0,
in less than 12 h. High resolution PXRD data were obtained for the entire heat-treated library (at 1000 °C/1
h) in less than a day using the new robotic beamline I11, located at Diamond Light Source (DLS). This
allowed Rietveld-quality powder X-ray diffraction (PXRD) data collection of the entire 66-sample library
in <1 day. Consequently, the authors rapidly mapped out phase behavior and sintering behaviors for the
entire library. Out of the entire 66-sample heat-treated library, the PXRD data suggests that 43 possess the
fluorite structure, of which 30 (out of 36) are ternary compositions. The speed, quantity and quality of data
obtained by our new approach, offers an exciting new development which will allow structure—property
relationships to be accessed for nanoceramics in much shorter time periods.

Introduction

Nanochemistry is concerned with the syntheses of nano-
scale (sub-100-nm diameter) particles with different size,
shape, composition, surface structure, and functionality.' The
properties of new functional single-phase nanomaterials®
aimed at specific applications (e.g., solar cells, gas sensors,
fine chemical catalysis, fuel cells, etc.) are very sensitive to
levels of dopant cations because of their influence on point
defects.” Some of these functional materials display the
fluorite structure across a wide range of dopant compositions
and applications;*> these include electrolytes in intermediate
temperature solid oxide fuel cells for stationary power
applications,® three-way automotive catalyst supports for
cleanup of exhaust gases,’ homogeneous efficient fuel
sources in MOX (mixed U/Pu oxide) nuclear reactors,® and
immobilization phases for radioactive waste elements.’

In certain technological applications of nanoceramics,’'
post synthesis heat-treatments or thermal cycling, may lead
to deactivation or a change of properties. This can be caused
by loss of surface area resulting from sintering, thermal
destabilization into less active phases (phase separation), or
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deactivation of catalytic surface coatings.'' Consequently,
a great deal of effort has gone into evaluating the structure
and thermal stabilities of fluorite-based materials in the region
of 1000 °C and above.'*'? It is well-known that homoge-
neous doping of M3" cations (e.g., Y**, Pu?") into a metal-
oxide fluorite structure (such as CeO, or UQO,) leads to the
formation of oxygen vacancies and other lattice defects,
which are very important for oxygen anion mobility,
electronic properties, and radiological or thermal phase
stability. Hence, synthetic methods, which offer homoge-
neous doping of metal oxides with consequential extension
of fluorite phase boundaries (for nanoparticles), are very
much of interest. Binary (or higher) nanoceramics can display
a wide range of properties across the phase diagram.’
However, our understanding of how properties vary with
structure and composition for nanoparticles is limited. This
is for two reasons: (i) the inability of current synthetic
methods to make large numbers of homogeneous crystalline
nanoceramics rapidly and (ii) the relatively slow speed at
which high-quality analytical data can be acquired (and
interpreted) for such nanomaterials. Our development of a
High-Throughput Continuous Hydrothermal (HiTCH) flow
synthesis reactor was driven by the goal to synthesize a large
number of unique nanoceramic samples without contamina-
tion between consecutive samples (Figure la). A novel
HiTCH flow synthesis method is described herein that was
used to make directly and rapidly compositionally unique,
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Figure 1. (a) Schematic layout of the high-throughput continuous hydrothermal (HiTCH) flow synthesis system that allows rapid synthesis
of compositionally unique crystalline nanoceramic samples at high pressure without contamination between consecutive samples. Each
metal salt solution was filled into the loop and upon injection the cold water flow from HPLC pump P2 (5 mL min~"') carried the contents
of the loop to a T-piece (T), whereupon it was mixed with a flow of 1 M KOH and 3 vol% H,O, solution that was delivered from pump
P3 (5 mL min!) to give a mixture of pH 14. Thereafter, the mixture was brought to meet a flow of superheated water (via pump P1 at 10
mL min~") through a heat exchanger to reach 450 °C at the system pressure of 24.1 MPa) at a 1/4” (0.6 cm) counter-current mixer (labeled
mixer). The nanoparticle slurries were collected sequentially at the exit of a back-pressure regulator (after cooling). The system was purged
with water between concurrent injections and collections. For detailed information on the system and experimental details see Ref S1,
Supporting Information. (b) Freeze-dried powders were fired at 1000 °C and filled into a PTFE triangular holder.

high surface-area nanoceramics (Ref S1, Supporting Infor-
mation). To demonstrate the new method, a 66-sample
nanoparticle library of nanocrystalline Ce,Zr,Y. 0,5 was
produced in <12 h, which is unprecedented in the analogous
hydrothermal literature. Furthermore, high resolution PXRD
data were obtained for the entire heat-treated library (at 1000
°C/1 h) in less than a day using the new robotic beamline
(I11)™ instrument located at Diamond Light Source (DLS)
[video S1 and Figure S1 photographs of the beamline,
Supporting Information]. This allowed Rietveld-quality
powder X-ray diffraction (PXRD) data collection of the entire
66-sample library in <1 day (Figure S2 for data refinement
information and raw data, Supporting Information). Conse-
quently, the authors rapidly mapped out phase behavior and
sintering behaviors for the entire library (Table S1 and Ref
S2, Supporting Information, and Figure 2).

Experimental Section

Synthesis Methods. The metal salt solutions were pre-
pared as follows: Y(NO3);*6H,O (17.24 g, 0.045 mol),
ZrO(NOs), * 6H,0 (10.41 g, 0.030 mol), and (NH4),Ce(NOs)e
(24.67 g, 0.045 mol) were accurately weighed and then
separately added into 150 mL distilled water in three different
beakers, respectively, to give concentrations of 0.3 M for
both Ce and Y salts and 0.2 M for the Zr salt. Thereafter,
the mole ratios of the 66 compounds were achieved by using
a pipet (Eppendorf, U.K.), where the corresponding volumes
of the respective metal salt solutions were individually added
into the 66 labeled small vials. The compositions as
synthesized were based on molecular weights as given on
the manufacturer’s bottle labels. However, for the Zr-salt,
the molecular weight did not include the 6 molecules of water
of hydration. Thus, the corrected nominal compositions, as
given in Table S2, Supporting Information, are not in precise
10 mol % steps. The actual metal content for each sample
obtained by calibrated EDX measurements are listed in Table
S3, Supporting Information. The total volume of solutions

in each vial was prepared at 6.0 mL, which was just enough
for two injections during the experiment. The samples were
made in a HITCH flow synthesis system as described in detail
the supplementary section (Ref S1, Supporting Information).
The product from the first injection was rejected, while the
product from the second injection was collected for use.
Between consecutive sample compositions, the HITCH flow
synthesis system was purged by pumping water through the
apparatus for ~4 min; during this time, the flow rates were
temporarily increased by 25% before restoration of the
normal flow rates and reestablishment of thermal equilibrium
(see Ref S3, Supporting Information, for information on
system validation and recovery of samples).

PXRD Methods. Each of the 45 detectors on Beamline
111'* were calibrated (using a standard Y,03 sample sintered
at 1200 °C for 5 days and measured for 4 h in a 0.5 mm
capillary) for relative detector response and precise angular
20 separation (nominal spacing 2° within a bank of nine
detectors and 30° between each of the 5 banks). Diffraction
patterns from each detector were corrected for both syn-
chrotron beam decay (using a linear fit to the counts from
an in-line X-ray beam monitor) and detector response.
Corrected patterns from individual detectors were checked
for consistency and merged into a single PXRD pattern
covering the 26 range of 0—155° in various 26 step sizes,
for example, 0.002°, 0.005°, 0.02°, and 0.05°, depending on
the degree of peak broadening observed. PXRD data were
not used above 90° in 26 because of initial commissioning
problems for detector bank 4.

Results and Discussion

Compared to previous work using continuous hydrother-
mal flow synthesis (CHFS) reactors (suitable for one or a
few samples per day),>'®'"'¥725 the new HiTCH flow
reactor incorporates a Rheodyne injector that is used for the
periodic injection of metal salt solution into the system. After
each mixture (made from stock metal salt solutions, Ref S2,
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Figure 2. (a) Compositional space for Ce,Zr,Y.0,s (for 0 < x, y, z < 1). Each hexagon represents a single sample, and the nominal molar
content of Ce, Zr, and Y in each sample is proportional to the amount of red, green, and blue color, respectively (Table S1, Supporting
Information). Samples are synthesized in sequential order starting at 1 and ending at 66 thus avoiding the possibility of cross contamination
for the binary compositions. (b) A simplified phase diagram for Ce,Zr,Y O, as deduced from the synchrotron PXRD data showing the
following phase types: fluorite (gray), monoclinic ZrO, (yellow), tetragonal ZrO, (red), bixbyite (blue), and a 2 x 2 x 2 oxygen-deficient
fluorite superstructure (pseudo-Y,03) with oxygen-vacancy ordering (green). Hexagons in a single color indicate single-phase material,
while a hexagon with three dots indicates two-phase behavior, and those with striped colors indicate a single-phase region, where there
appears to be a smooth transition between fluorite and the 2 x 2 x 2 oxygen deficient fluorite superstructure. (c) Lattice parameter information
(Table S1, Supporting Information) obtained from Rietveld-fitted PXRD data converted to mean volume per metal oxide (MO,_s) unit
showing a smooth pseudolinear variation with mole fraction. The volume at each nominal point (in A3) for Ce,Zr,Y O, can be approximated
by the linear equation: V = 40.3x + 33.5y + 37.5z. Refined lattice parameters are consistent with the published comparable literature.®'”
(d) Relative crystallite size (as indicated by the circle diameters) obtained by application of the Scherrer equation'” to the strongest PXRD
peak (at 20 ~ 15°) for each of the 66 samples (Table S2, Supporting Information). The instrumental contribution to peak broadening was
measured using a standard sample of Y,Os (5 days at 1200 °C). The largest crystallite size was obtained for pure CeO, and is shown by
a filled hexagon. For a—d, the as-prepared nanoparticulate sample library was heat treated at 1000 °C for 1 h in air prior to analysis.

YO,s
37-3 A3

Supporting Information) was fed into the injector, samples
were collected as slurries at the exit of the apparatus after
a 300 s delay. In all cases herein, the wet nanoparticle
slurries from HiTCH flow synthesis were freeze-dried and
then the entire 66-sample library was heat-treated at 1000
°C/1 h to give powders ranging from off-white for yttria
and zirconia and dark brown for ceria after heat-treatment
(Figure 1b). The particle morphologies of as-prepared #6
(Cep.59Zr9410,—5) was analyzed using high resolution Trans-
mission Electron Microscopy (TEM) images that showed
rounded highly crystalline agglomerated particles with a
mean particle size of 4.7 £ 0.9 nm (50 particles samples,
range 2.2—6.6 nm (Figure 3a and b).

Figure 2a—d summarizes the results in terms of the
compositional space defined by the heat-treated samples.
The sequential order for producing the 66 samples with the
nominal compositions shown represents an idealized route

for avoiding the possibility of contamination between binary
and ternary systems (Figure 2a). Figure 4 shows the phase
diagram including locations of precise compositions and
phase boundaries (see Supporting Information Table S3 for
exact compositions). The lattice parameter information was
converted to mean volume per metal oxide (MO,) unit and
generally shows a smooth approximately linear variation with
mole fraction (Figure 2c).

Analysis of PXRD peak broadening® can yield useful
particle size information for heat-treated samples to infer the
extent of sintering. In our heat-treated Ce—Zr—Y system,
analysis of peak widths yielded a volume weighted particle
size map (Figure 2d). Within the single-phase fluorite
domain, the particle size for the seven ceria rich samples,
nos. 1—3 and 28—30 are rather large in the range 44 to 270
nm (average = 105 nm). By contrast, the remaining 37
fluorite phase samples (as suggested solely by PXRD) exist
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Figure 3. Transmission electron microscope images of as-prepared no. 6 (Cegs0Zr(4;0,-s) nanoparticles showing rounded highly crystalline
agglomerated particles with a mean particle size of 4.7 = 0.9 nm (50 particles samples, range 2.2—6.7 nm.

CeO,

ZrO, YO,5

Figure 4. Precision phase diagram as suggested by PXRD showing
the actual compositions of the 66 samples, the order of synthesis,
and approximate positions of phase boundaries. The different colors
represent the following observed structures: gray = single phase
fluorite, pink = mixed tetragonal/pseudocubic + fluorite, red =
tetragonal pseudo-ZrO,, yellow = mixture of monoclinic and
tetragonal pseudo-ZrO,, blue = bixbyite, green =2 x 2 x 2 fluorite
(pseudo-Y,0;) superstructure as a result of oxygen-vacancy order-
ing, and cyan = mixture of blue and green phases.

in the narrow particle size range of 13—33 nm (average =
18 nm). The smallest crystallite size was for no. 7 at ~9 nm
(middle of the mixed tetragonal/fluorite phase region), which
suggests this mixture is highly resistant to grain growth under
the heat-treatment conditions (these values contrast to the
as-prepared nanopowders, which show crystallite sizes
typically in the range 4 to 17 nm (average 8 nm).%°

Because of the wide range of reported synthesis methods
in the literature, which largely concern binary systems rather
than entire ternary phase diagrams, direct comparison of
similar bulk powders, monoliths, or nanoceramic powders
exposed to 1000 °C or so, requires careful interpretation. A
discussion of as-prepared nanoceramic samples is published
elsewhere.””* Out of the entire 66-sample heat-treated
library, the PXRD data suggests that 43 possess the fluorite
structure, of which 30 (out of 36) are ternary compositions.
Pure CeO, (no. 1) is obtained as a cubic fluorite structure
(space group Fm3m), which is consistent with the published
literature.?”-*

In comparison to the previous literature for bulk powdered
materials or monoliths,? we observe some subtle differences.

For example, the literature reports that the tetragonal-
pseudocubic phase and the pseudocubic—cubic (fluorite)
phase boundary is in the range z = 0.18 to 0.19.'7-* This is
in contrast to no. 12 (Zrog9Y.1102—s), Which appears to show
only a single-phase fluorite structure (according to PXRD).
This could be because of the homogeneity of the solid
solution plus the small grain size, which encourages a greater
number of oxygen defects and consequently higher-symmetry
phases or due to a strain induced transformation. However,
since PXRD is insensitive to oxygen-displacive transitions,
it is difficult to provide definitive assignments as to whether
no. 12 is strictly cubic (fluorite) or pseudocubic. Further
Raman analysis suggests that Zrg9Y.110,-¢ is pseudocubic
with respect to the local cation symmetry.*?

Similarly, for the underexplored yttria-doped ceria binary
system monoliths, Ce,Y,0,s, recent literature indicates that
the fluorite phase exists up to values of z = 0.30."
Interestingly, our results suggest that the fluorite structure
extends up to the range z = 0.46—0.55 (nos. 27 and 26 as
measured by EDX) in agreement with earlier studies.” From
the 66 sample library, 6 (out of 36) ternary samples (nos.
43—47 and 60) possess a vacancy-ordered oxygen-deficient
fluorite (pseudo-Y,0;) superstructure (Figure 2b). Addition-
ally, the binary Ce,Y,0,-5 powders nos. 24—26 (EDX
measured compositions in the range z = 0.55 to 0.73) and
the binary no. 17 (Zrp30Y0.7002-s) have the same structure.
For the remaining 13 samples, 3 samples appear single phase
and 10 are mixed phase. The single phase samples being
pure Y,05 (no. 21, bixbyite structure, space group la3)
[Figure 5], Zr0.08Y 0.9202-5 (no. 20), and Ceg,14Zr9.8602-s (N0
10) and with a tetragonal (ZrO, type) structure. The mixed
phase samples can be separated into four distinct categories.
Pure ZrO; (no. 11) is a ~86:14 mixture of monoclinic (space
group P2,/c) and tetragonal (space group P4,/nmc) phases,
which is similar with an earlier report by the authours.*

In the literature, pure bulk zirconia exists as monoclinic
(below 1167 °C), although it is known that fine-grained
zirconia nanoparticles (<30 nm diameter) can exist with a
tetragonal structure at room temperature.”® For the five
mixed-phase Ce,Zr, 0,4 samples (nos. 5—9), with increasing
Ce*" content, there is a switch from majority tetragonal to
majority fluorite structure occurring between nos. 7 and 8.
In the majority fluorite phase from no. 7 to no. 5, the minor
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Figure 5. Plots showing selected expanded regions of the Rietveld
fits for nos. 21, 22, 23, and 24 (these are single-phase bixbyite
(Y,0;) for no. 21, a 2-phase mixture of a 2 x 2 x 2 fluorite
superstructure (pseudo-Y,03) with oxygen-vacancy ordering and
bixbyite for nos. 22 and 23, and single-phase fluorite superstructure
for no. 24) to demonstrate the existence of single phase (nos. 21
and 24) and mixed phase (for nos. 22 and 23) behavior.

phase cannot be identified by PXRD alone but Raman
spectroscopic analysis has shown this is pseudocubic ¢, with
peaks located at 264, 457(s), and 615 cm™!, 296, 460(s), and
620 cm™!, and 304, 459(s), and 624 cm™', respectively.?
There are 2 mixed-phase Zr,Y,0, s samples because of the
transition from majority vacancy-ordered oxygen-deficient
fluorite (pseudo-Y,0;) to bixbyite (Y,03) structure (nos. 18
and 19) as shown in Figure 2b. There is a very similar distinct
change in structure for the two mixed-phase Ce,Y.O,_s
samples nos. 23 (average composition Cej5Y0s.0,-5) and
22 (average composition Ceg9Y(910,—s) that is in contrast
to an earlier report suggesting that the yttria-rich corner is
single-phase bixbyite.?

Conclusions

Anew High-Throughput Continuous Hydrothermal (HiTCH)
flow synthesis method, which has enabled unprecedented
synthesis of large numbers of nanoceramics. The technology
enabled an entire ceria—zirconia—yttria ternary phase dia-
gram (66-sample libraries) to be made in less than a day.
Subsequently, the use of a brand new high resolution powder
diffraction facility at Diamond was used to gain high quality
diffraction data on the entire heat-treated library. The speed,
quantity, and quality of data obtained by our new approach
offers an exciting new development which will allow
structure—property relationships to be accessed for nanoc-
eramics in reasonable time periods.
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