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1. Background

Nanometer-scale control over grain size is necgdeathe realization and subsequent
miniaturization of high-performance electronic dm&. The use of nanoparticles enables the productio
of dense and thin sintered ceramics, which arecggeao have applications in devices such as ctpagi
sensors, fuel cells, and secondary cells. Nanatestcan be obtained with a narrow size distrilsutio
using solution-based synthesis methods but nogusinventional solid-state reaction methods. Variou
solution methods have recently been developed.ulation methods strongly affect the particle size,
morphology, and structure of materials, and thespay properties of materials synthesized using
different methodologies differ, even if the sanstitg materials are used. Therefore, investigating
synthetic methodology through a detailed charazédn of the products is essential for the develent
of new nanomaterials.

Supercritical hydrothermal synthesis is a solutitethod that can be used to synthesize metal oxide
nanoparticles with a narrow size distribution [lanoparticles can be obtained using supercriticaéw
because of the acceleration of nucleation andnthidition of ripening. High nucleation rates can be
achieved through a high degree of supersaturadimhyipening can be suppressed via an extremely low
solubility in supercritical water. A high degreesufpersaturation can be obtained when the temperatu
the water is increased rapidly from a normal terapee to a temperature above the critical temperatu
the low kinetic viscosity of supercritical wateradrhes rapid mixing of fluids with a continuous-flow
reactor, which leads to a rapid increase in wateperature. Higher-crystallinity particles can be
obtained compared to particles prepared via otbletien methods because of the higher reaction
temperature. The high crystallinity of the syntkediparticles means that the calcination post-gsicg
required for conventional solution methods canibepkfied when supercritical hydrothermal methods
are used to perform granulation.

A distinctive feature of supercritical hydrothermsghthesis is the rapid crystallization that occurs
as a result of the high degree of supersaturaiemi-stable-state or non-equilibrium-state mateigain
form during such rapid structural formation, anghty supersaturated conditions can affect strutaurd
compositional factors other than the particle s&teuctural analysis of nanoparticles formed in
supercritical water and elucidation of the formatyocess of nanoparticles are necessary for furthe
development of the technology. Particularly in thse of composite oxides, the nonstoichiometrythed
deficient local structure become critical during 8ynthesis because different elements have differe

driving forces of crystallization as a consequeonicineir different solubility in water.



2. Method

All experiments were performed using a continudag+freactor. Starting solutions were
simultaneously mixed with the base solution andduedistilled water using a cross-shaped component
(SUS316; inner diameter: 1.3 mm). Farsitu experiments, the starting solution and base swiwtiere
introduced into the reactor at a flow rate of 1iig/and heated distilled water was introduced at 80
g/min using a non-pulsation pump (NP-KX-500; Nitesimitsu Co., Ltd., Tokyo, Japan). The starting
solution and the base solution were cooled jusireehe mixing point to prevent warming of the titay
solutions via conductive heat transfer before ngxifhe flow rates set a Reynolds numiig) (of 4 x
10" at the reactor, just after mixing. Kawaseikal. investigated the relationship between particle siad
Re and suggested that sufficient mixing was achieté®> 4 x 1d; at these values, the mixing
conditions did not affect the particle size becaafda@netic control [2]. The temperature of the watas
set at 400 °C, and the pressure was set at 30 Mieaesidence time was changed by the reactor wlum
from the mixing point to the point just before ttwoling. After cooling, an HN@solution was
introduced using a flow rate of 5 g/min to recoadhe pH and thereby prevent the formation of
carbonates in the recovered dispersion.

The recovered particles and filtrate were analyzed-pay diffraction (XRD), transmission
electron microscopy (TEM), X-ray photoelectron spestopy (XPS), and X-ray absorption fine structure
(XAFS). XAFS was conducted at beamline BL9C of thetBn Factory and beamline BLO1B1 of
SPring-8.n situ high-energy XRD for the continuous-flow reactorsmnducted at beamline BL04B2
of SPring-8.

In addition to measurements, first-principles ckltians based on density functional theory were
performed to obtain structural information andupgort the experimental data. Projector-augmented
wave pseudopotentials were employed as impleméntibé VASP code. The generalized gradient
approximation proposed by Perdew, Burke, and Erafedgpresented the exchange-correlation energy
functional.

3. Resultsand Discussion

In chapter 3, supercritical hydrothermal synthe$§iBaZrG; and its formation mechanism during the
synthesis was investigated using a continuous-feaetor. Monophasic, nanosized BaZuas
successfully synthesized at a temperature andyeee§400 °C and 30 MPa, respectively. The fornmatio
mechanism of BaZr@was studied by examining the time dependenceefasid composition using XRD,
TEM, and inductively coupled plasma atomic emissjgectroscopy (ICP). As a result of the
time-resolved experiments, the following formatimechanism was revealed. At the first stage of the
reaction (~0.1 s), a perovskite structure formisaalgh it contains numerous Ba site defects. Thécpart
size increases by coalescence during the middje §td s) and becomes constant at the last stadé &).
Ba site defects are filled by the uptake of Ba wittreasing time until the last stage (~10 s). Usidading

this formation mechanism, i.e., the coalescencwiofei and uptake of Ba, is necessary to enable the



development of a new methodology for controlling #ize and composition of composite oxide

nanoparticles.

In addition to the aforementioned situ experimentsin situ high-energy XRD measurements were
conducted to elucidate the dynamics of barium niate (BaZrQ@) nanoparticle formation in supercritical
water. Time-resolved experiments with milliseconsbtation were carried out using a continuous-flow
reactor and high-energy XRD, which allows us taogrthe sample in a stainless-steel tube. The stze an
structure of BaZr@in the early stage of crystallization under sugtcal conditions (400 °C, 30 MPa)

and on the order of milliseconds (46—66 ms) wereassfully observed. An increase in the lattice
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In chapter 4, the formation of BgSrZrO; (0 < x < 1) nanoparticles in supercritical water was
discussed. B-site Zr in the perovskite structuexjsected to play a dominant role in the nucleattage
because of the high nucleation rates associatédthétsubstantially lower solubility of Zr comparted
that of A-site ions (i.e., Zr precipitates fasterda-site ions are taken up into the particle atterZr
nucleation). However, in this study, A-site Ba &rdvere observed to strongly influence the parsite,
A-site deficiency rate, and surface—OH densityheftanoparticles. The differences in particle size
suggested that the ripening or coalescence thatmctafter the nucleation stage was dominant in
determining the particle size, even under highlyessaturated conditions such as those in the
supercritical hydrothermal synthesis. The uniqusostructure formed in the supercritical water was
analyzed in detail; variables such as the A-sifecidgacy rate and the density of surface—OH groupee
investigated. The existence of vacancies at th#eAwsas confirmed using XAFS, which revealed a
highly defective structure, particularly in casesane the Ba content was high. The surface stateeof t
nanoparticles was also studied using XPS andgiistiples calculations, with the aim of understagd
the differences in particle size and the effectthefA-site deficiencies; the amount of surface-gélips
corresponded to the A-site deficiency rate andlitdd an inverse relationship with the particleesiz

In chapter 5, diffusion phenomena of A-site ionéinite-deficient perovskite oxides were
investigated by first-principles nudged elasticdaalculations to elucidate the atomic behavioeoksd
previously in supercritical hydrothermal synthe¥i& found that the difference in diffusion models

shows strongly influences the calculation res@tsculated diffusion barrier of barium atom in thek
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barium deficient BaZr; wasashigh as3.409 e\ while the barrier of barium atom at the surfac
barium deficient BaZr; was determine to be2.410 eV By combiningthese results \th thermal lattice
expansion measuremsvia higr-temperature RD of BaZrC; nanoparticles synthesized in supercrit
water, wedemonstratethat lattice expansion could further lower the aldted energy barrier 2228
eV. For comparison, the diffusion barrier of Sr ais in Srdeficient SrZr(; was also studied arwas
determinecto bel.622eV, whict demonstrate that the diffusion of Sr atasis much easier than that
Baatons. Our computation results support th-site ion uptake phenomenon observethe
supercritical hdrothermal synthesis experims and explaiswhy BaZrC; has a much larger number
A-sitevacancieshan SrZr(;, asexperimentey observed i the previou study.

In chapter 6a characteristic nanostructt formed in supercritical wat and surface state effe(
were discusse. The cifference innanostructurfrom thebulk structure was measured by X4. It was
founc that highlycoordinated structure was maintained evethenanoscale in the case of ox|
nanoparticles synthesd in supercritical water. Structural stability in kund surface was investigai
using XPS and hi¢-temperature XRCIn the case cthesurface strcture of nanoparticles, clusl
calculation was conducted using i-principlesmoleculardynamics simulation. Surface reconstruc
was reproducedand structural varian from the bulkstructurewas observe. The sirface energy cthe

cluster after siface reconstructiowas obtaine, and different models of composite oxwere

confirmed to posse different surface eneies. 16 cazro
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4. Conclusion

Highly supersaturated conditis provided by supercritical watwas feature in this thesisThe
formation of highlyA-site-defective structure artheuptake of /site ionswere observe in the case ¢
BaZrCs;. Thisphenomenon was confirmed not onlyex situ experiments but alsby in situ experiments
In situ measuremeniwith milliseconc time resolutio were achieved for the first tinr The
A-site-deficient structure and-site ion uptakeerevalidatec by various measurements ¢
first-principles calculatiorin additior, the formation otheA-site-deficient structurawvas found to pla
an important rolin particle growth Firstprinciples calculatiolalsoindicated esurface state and surfa
energies of nanoparticlthatcan explain partic-size variances consister.
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