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ABSTRACT 

Mesocrystals, non-classical crystalline nanostructured materials composed of aligned 

nanoparticles, represent considerable potential for use in various engineering fields. 

Nevertheless, their formation mechanism and methods for size and morphology control remain 

unclear. For this study, the mesocrystal formation process in hydrothermal conditions was first 

observed for L-glutamic-acid-modified cerium oxide nanoparticle clusters using a flow reactor 

system able to control the reaction time to within 1 s. At reaction times of less than 1 s under 548 

K, spherical agglomerations composed of truncated octahedral nanoparticles with random 

orientation were observed. Such spherical agglomerations altered their shape to cubic assemblies 

with an ordered superstructure as the reaction time proceeded to 8.0 s. Observations made using 

HRTEM and cross-section SEM with EBSD confirmed evolution from spherical polycrystal to 

cubic mesocrystal. The mesocrystal formation process was analogous to conventional crystal 

formation and growth, where primary nanoparticles act as monomers to form an ordered 

structure via non-ordered agglomeration. Based on the idea that organically modified 

nanoparticles behave similarly to monomers in conventional crystallization, mesocrystal size 

control was achieved by varying the primary nanoparticle concentration and the affinity of the 

solvent to the nanoparticles. 
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INTRODUCTION 

Mesocrystals are nanocrystals aligned into ordered superstructures, with the assembled 

nanoparticles having the same orientation leading to a diffraction pattern similar to that of single 

crystals1,2. The ordered structure is expected to exploit direction-dependent properties of 

nanocrystals such as ion mobility, electron mobility, and magnetism. High surface area and high 

porosity can be combined with benefits of single crystals using highly crystalline nanoparticles3. 

Moreover, obtaining heterointerfaces using different nanocrystals might be a subject for future 

development. Consequently, mesocrystalline materials are promising candidates for various 

applications such as photocatalysts4–5, lithium ion batteries6–7, biomedical applications8–9, and 

optical/electronic/magnetic applications including metamaterials. In spite of their marked 

potential, mesocrystals are not yet applied in industrial applications because efficient production 

processes of precisely controlled mesocrystals are still under development. Understanding their 

formation mechanisms and controlling the mesocrystal size and shape are crucially important to 

adjust their properties and to facilitate their use in diverse applications. 

Hydrothermal technology presents suitable techniques for nanoparticle efficient 

production10. Small nanoparticles with a narrow size distribution are obtainable via continuous 

flow hydrothermal synthesis11. Moreover, in situ organic surface modifications12 of those 

nanoparticles are possible because of the characteristic phase behavior of high-temperature 

water, which makes a homogeneous phase with various organic molecules. Control of 

interactions between particles is enabled by surface modification13. Furthermore, it is possible to 

synthesize mesocrystals using hydrothermal techniques. Synthesis of highly orientated cubic 

nanoassembly of ceria has been demonstrated using a continuous flow hydrothermal synthesis in 
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the presence of modifiers such as dicarboxylic acids: hexanedoic acid14,15 and L-glutamic acid16. 

This method facilitates the precise size control of highly crystalline metal and metal oxide 

primary particles17,18 and also the mesocrystal shape and size 19,20,21. In the flow-type 

hydrothermal method, the metal salt precursor at room temperature is mixed with preheated 

water in a continuous reactor22. The reaction time can be adjusted simply by the reactor length. 

Consequently, snapshots of the crystal at different reaction times are obtainable to elucidate the 

mesocrystal formation mechanisms under hydrothermal conditions, which is not possible when 

using a batch reactor23. Effectiveness of the flow-type system for analyzing crystallization was 

proved through synthesis of nanoparticles while controlling the particle size and shape by 

changing the pressure24, temperature25, mixing regime26, and added surfactants27. 

The hierarchical structure, such as the mesocrystal structure formed by particles, is difficult 

to control because the structural formation mechanism of the secondary structure from 

nanoparticles has not been elucidated. Regarding the example of the secondary structure 

formation from nanoparticles, nanoparticle aggregation behavior during thin film coating under 

drying has been studied for the structural formation from particles28. Nanoparticles can be 

regarded as building blocks of structural formation. Elucidating similarity and dissimilarity to 

atoms or molecule is expected to elucidate the mesocrystal formation mechanism. Consequently, 

in this study, the mesocrystal formation is investigated based on the analogy of particle 

formation. 

To clarify the mesocrystal formation process in hydrothermal conditions, a flow-type 

hydrothermal system, with reaction time controlled precisely to accuracy of 1 s was used. Time-

resolved experiments on the order of seconds are conducted to examine the mesocrystal 

formation process. The formation mechanism is studied by comparing ordinary crystallization of 
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nanocrystals. The mesocrystal particle size control can be demonstrated based on the formation 

mechanism. 

EXPERIMENTAL SECTION 

Cerium(III) nitrate hexahydrate, ethanol, and L-glutamic acid were purchased from Wako 

Pure Chemical Industries Ltd. Purified water was purchased from Yamato Kagaku Co. Ltd. 

A flow reactor was used to synthesize organically modified cerium oxide. An illustration of 

the process is displayed as Schema 1. A cerium nitrate (Ce(NO3)3) solution with concentration of 

0.01 mol L-1 was prepared as a precursor. As a capping agent for the formed nanocrystals, L-

glutamic acid was dissolved into the provided cerium nitrate solution. The L-glutamic acid 

concentration was 0.03 mol L-1 (a molar ratio of cerium ion to surfactant of 1:3). The precursor 

was pumped into a reactor with a flow rate of 4 mL min-1 through an SUS 316 tube with 1.8 mm 

inner diameter using a high-pressure pump (PU-2080; Jasco Corp.) and mixed with preheated 

water at a T-shaped mixer (2.3 mm inner diameter). The preheated water was prepared by 

pumping purified water with a flow rate of 16 mL min-1 through a separate tube where it is 

heated in a furnace. The temperature was measured with thermocouples before and after the 

mixing point. After mixing, the solution passed an isothermal zone with the adjusted reaction 

temperature (fluid temperature was measured directly after the mixing point). The stream is then 

cooled quickly to room temperature with a water jacket and is passed through a 0.5 μm filter 

(Protective Filter SS-4TF-05; Swagelok Co.). The reaction time, which was defined as the time 

the flow requires from the mixing point to the cooler entrance, was varied by altering the length 

of the isothermal zone keeping flow rates at constant. Using this system, the reaction time can be 

controlled within accuracy of 1 s. The 25 MPa operating pressure was regulated using a 
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backpressure regulator (26-1700 Series; Tescom Corp.). In the case of reaction with ethanol, 

ethanol was added to the deionized water setting a molar fraction of ethanol after mixing with the 

precursor as 8%. 

The crude nanoparticle dispersion was collected after the release in a glass flask and was 

filtrated under vacuum with a filter (VSWP09025, 0.025 μm pore size; Nihon Millipore Ltd.). 

After the filter cake was washed three times with 400 mL of purified water, the filter cake was 

dispersed in 75 mL of purified water and was freeze-dried for at least 24 hr. 

To observe the particle size and morphology, transmission electron microscopy (TEM, 

H7650; Hitachi Ltd.) and scanning electron microscopy (SEM: JEOL JSM-7800) were used. 

High-resolution images and diffraction images were obtained using a field-emission transmission 

electron microscope (FE-TEM, JEM-2100F; JEOL). Cross-sectional SEM images and EBSD 

analyses were performed using SEM (JEOL, JSM-7800) equipped with an electron backscattered 

diffraction (EBSD) detector (Oxford). An argon ion beam was applied for cross-section 

polishing; details are published elsewhere15. Cross sections of the samples were prepared using a 

cross section polisher (JEOL, IB-09010). Details about the cross section perpetration and 

analyses are presented elsewhere15. X-ray diffraction of the obtained freeze-dried sample was 

measured using a diffractometer (SmartLab 9MTP; Rigaku Corp.). The crystallite size was 

calculated based on the Halder-Wagner method with whole pattern fitting in the range of 20-80°. 

The XRD patterns and the Halder-Wagner plots are shown in Supporting Information. For 

analyses of the conversion of cerium precursor to solid products after the reaction, samples of the 

mother lye from the filtration were ultracentrifuged at 50,000 rpm for 1 hr. The supernatant from 

the centrifugation was used for inductively coupled plasma (ICP) measurements (iCAP 6500; 

Thermo Fisher Scientific Inc.). 
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RESULTS 

Figure 1 and Figure 2 respectively present HRTEM images of cerium oxide clusters 

synthesized in 0.7 s and 8.0 s in the presence of L-glutamic acid under 0.01 M concentration and 

with a molar ratio of [Ce] to [Glu] of 1:3 at 548 K. As shown in Figure 1, spherical clusters of ca. 

72 nm were synthesized at a reaction time of approximately 0.7 s. As shown in Figure 2, cubic-

like clusters of 104 nm were obtained at approx. 8.0 s. High-resolution figures (Figures 1c,d; 

Figures 2c,d) show that clusters of both types comprise ca. 20 nm primary truncated octahedral 

particles with large {111} surface and small {100} surface exposed. The diffraction pattern for 

the spherical cluster (Figure 1b) shows a polycrystal structure, implying that the primary 

particles did not align with the same orientation. However, the diffraction pattern of the cubic-

like clusters gives a crystalline structure resembling that of a single crystal (Figure 2b) indicating 

highly orientated primary particles. These results affirm that the final product is a cubic 

mesocrystal consisting of CeO2 nanoparticles. 

Structural change of the cluster indicates rearrangement of truncated octahedral primary 

building blocks from spherical polycrystal to a cubic mesocrystal in less than 8.0 s. In an earlier 

SEM study15, it was observed that cubic nanoassemblies of ceria are composed by edge-sharing 

of primary octahedral particles with an exposed {111} facet. In this study, similar edge sharing 

structures exist as shown in Figure 3. A reasonable mechanism for the formation from 

polycrystal to mesocrystal is the grain rotation-attachment mechanism to reduce the surface 

energy of primary modified particles in the polycrystal resulting from misorientation. Grain 

rotation is the rotation of neighboring grains to reduce the misorientation angles and to share the 

same crystallographic orientation32–33, which can engender mesocrystal,34 as observed in the 

present case. 
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SEM images of CeO2 synthesized in a range of 0.7–8.0 s are shown in Figure 4. Figure 5 

shows the corresponding cluster sizes analyzed by TEM together with the crystallite size of 

primary CeO2 particles evaluated by XRD patterns with Halder-Wagner method. Initially, the 

spherical cluster of ca. 72 nm at approx. 0.7 s, first shrinks to approx. 42 nm as the residence 

time increases to approx. 2.0 s, with subsequent growth of particles to 104 nm associated with 

shape alteration to a cubic structure. Differences in product structure were found with the 

changing residence time, suggesting that mesocrystal formation definitely occurred in 

hydrothermal conditions. This cluster shrinkage is expected to derive from the rearrangement of 

primary particles, as discussed later. In contrast to the cluster size differences with reaction time, 

the crystallite size remains nearly constant around 20 nm, which is similar to the primary particle 

sizes observed using FE-TEM. The estimated conversion of cerium measured using ICP analyses 

at residence times of 0.7, 2.0, 3.7, and 8.0 s are, respectively, 19, 36, 45, and 75%. Consequently, 

the formation of new primary particles occurs with progressive residence time. It is aligned with 

the existing cubic cluster causing cluster growth. 

The crystallographic orientation of the primary nanocrystals inside the obtained nanoclusters 

was studied to confirm the formation process. The cross-section SEM analyses were conducted 

with electron backscatter diffraction (EBSD) analyses for the polycrystal and the mesocrystal to 

reconfirm the formation process. Cross-sectional SEM images with a crystallographic orientation 

map are displayed in Figure 6. In the spherical clusters shown in Figure 6 a and b, hollow 

structures were observed, implying that loose agglomeration occurred by the van der Waals 

attraction force of the primary particle. The crystal orientation of the spherical cluster detected 

using EBSD supports the diffraction pattern of the HRTEM analyses showing that a polycrystal 

was formed. In contrast, SEM images of the cubic cluster (Figure 6 d and e) show no hollow 
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structure. This diminishment of the hollow in the clusters by rearrangement of the primary 

particles is expected to be the reason that the cluster showed shrinkage associated with shape 

alteration from spherical to cubic. Moreover, EBSD mapping indicates the same orientation of 

the primary particle, reconfirming the mesocrystal evolution. The structural change of the cluster 

reflects the rearrangement of truncated octahedral primary building blocks from spherical 

polycrystal to cubic mesocrystal in less than 8.0 s. 

DISCUSSION 

Here, the mesocrystal formation mechanism is discussed based on analogy to ordinary 

particle formation. As shown in Schema 2, in the case of ordinary crystalline particle formation, 

nucleation occurs from atomic or molecular scale monomers, followed by crystal growth with 

monomer diffusion to the crystal surface. In the case of the mesocrystal formation, the difference 

is in the monomers. Agglomeration of primary nanoparticles formed in hydrothermal condition 

occurs, followed by orientation of primary nanoparticles and mesocrystal growth with primary 

particle diffusion. Consequently, the agglomeration step can be regarded as nucleation from 

primary particles; the orientation and growth resemble the crystal growth in ordinary particle 

formation. Results demonstrated that the dispersion behavior of organic modified nanoparticles 

in organic solvents can be predicted36,37, considering organically modified nanoparticles as quasi-

molecules. In other words, the primary particle dispersion can be described by the "solubility" of 

the particle in a solvent as molecules. In the case of the mesocrystal formation, the primary 

particle surface is covered with glutamic acid, which has a hydrophilic nature. Although it is 

hydrophilic, the acidic carboxylic group is more stable on the basic surface of CeO2 than in bulk 

water. Surface modification of the primary particles, followed by bridging particles, occurred. 

The clustering driving force in the case of mesocrystal formation is the interaction between 
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organic molecules and nanoparticles in addition to the van der Waals forces between 

nanoparticles and the surface energy30. Whether mesocrystal forms or not is dependent on the 

combinations of solvents, modifiers, and particles. 

Alternation of the initial concentrations of the reactant and of the "solubility" under reaction 

conditions were conducted to observe phase separation behavior, i.e., phase separation of 

particles from metal salt solution (nanocrystal) or that of clusters from particle dispersion 

(mesocrystal). To change the solubility, ethanol was introduced as the antisolvent38 to the 

preheated water stream before mixing with the precursor. Unmodified CeO2 nanoparticles were 

also synthesized from cerium nitrate under 548 K, 25 MPa, and 0.7 s for comparison. Figures 7 a 

and c portray TEM images of the products obtained with 0.01 M and 0.005 M of cerium in 

precursor solutions. The particles were smaller with lower precursor concentrations and the 

addition of ethanol (8 mol%), as shown in Figure 7 e. However, in the case of mesocrystal 

formation from L-glutamic acid modified nanoparticles, the mesocrystal size change shows 

similar behavior to that described above for conventional crystallization from molecules. The 

cluster size also decreased with the decrease in the precursor concentration (Figure 7 d) and with 

addition of the antisolvent (Figure 7, f), compared to the reference condition (Figure 7 b). It is 

noteworthy that the crystallite sizes estimated from the XRD patterns of the particle with the 

lower concentration and the addition of ethanol were, respectively, 16.4 nm and 14.4 nm. Those 

crystallite sizes are similar to the crystallite size (17.8 nm) of the cluster obtained at high 

concentration without ethanol. Therefore, the dominant factor for cluster size is not the primary 

particle size, but the clustering behavior of the primary particles. 

For both nanocrystal formation and mesocrystal formation, the particle size (nanocrystal) 

and cluster size (mesocrystal) decreased with decreased concentration or addition of ethanol. 
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Regarding the classical nucleation theory, a decrease in the monomer concentration engenders 

formation of larger particles because of the decrease in the degree of supersaturation. It might be 

readily apparent that this tendency differs from that observed for concentration dependence in 

this study. A possible model to explain the results from the precursor concentration dependence 

is collisional growth or coalescence39, 40, which dominated the increases in both nanocrystal and 

mesocrystal size, as shown in Schema 3. In the case of ethanol addition, coalescence was 

suppressed, but the frequency of the collisional growth is expected to be the same. The 

interfacial energy between particles and solvents would be decreased by ethanol addition. The 

interfacial energy determines the adhesion force between particles, thus the weakened interfacial 

energy suppresses the coalescence during the collision process resulting in the smaller final 

particle size (nanocrystal) and cluster size (mesocrystal). It can be understood that the 

organically modified primary particles behave similarly to monomers in a conventional 

crystallization manner. Based on an analogical manner to nanocrystal formation, the mesocrystal 

size is controllable in the hydrothermal system. 

The determinant factor of particle size by the collisional growth is diffusivity of particles. 

Order estimation of the diffusivity time constant (L2/D [s]) was conducted with a diffusion 

constant (d), particle size, and a distance between particles (L) using the Stokes–Einstein 

equation. For the 20-nm particles, rapid diffusion on the order of 10-4 s occurs. In contrast, 

slower diffusion of the order of 10-1 s is obtained for 100-nm particles. These results confirmed 

that the collisional growth of the primary particles is reasonable for the second order reaction and 

that collision of larger particles occurs only slightly during the reaction. The kinetics of the 

primary particle collision determines the final cluster particle size of the mesocrystal (approx. 

100-nm particles). 
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Another interesting point from the analogy of crystal growth is the crystallinity of the 

products. At the initial stage of the mesocrystal formation, sphere aggregation occurred from 

primary particles. The sphere aggregation which formed was further aligned by grain rotation to 

share the same facet35, leading to cluster size reduction. Apparently, stabilization occurs by 

rearrangement of the primary particles. During hydrothermal synthesis, crystallinity of 

nanoparticles generally improves along with the increase in reaction time. The morphological 

changes of the mesocrystals observed in this study can be interpreted as analogy of improved 

crystallinity in the nanocrystal formation. 

CONCLUSION 

The formation process of organically modified cerium oxide mesocrystal from a spherical 

cluster was observed using a flow-type reactor under hydrothermal conditions in the presence of 

L-glutamic acid. First, in hydrothermal conditions with L-glutamic acid, organically modified 

CeO2 nanoparticles were formed. With increasing reaction time, the primary nanoparticles in the 

loose agglomeration order themselves to form a cubic CeO2 mesocrystal by sharing the same 

faces to reduce the surface energy. Subsequently, mesocrystal size growth occurred because of 

the alignment of the non-agglomerated primary particle and newly formed primary particle with 

increased residence time. The observed formation of agglomeration and the mesocrystal 

evolution suggest that primary organically modified nanoparticles behave as a monomer for 

conventional crystallization. This finding is expected to facilitate the synthesis of crystalline 

mesocrystals with size control in an environmentally friendly scalable continuous hydrothermal 

process applying single-crystal formation and growth models. Moreover, the continuous 

hydrothermal synthesis system supports the investigation of the mesocrystal formation 
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mechanism under hydrothermal conditions of second order. Detailed analyses of the general 

formation of mesocrystals can be conducted using this system. 
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Figure 1 HRTEM sample of the spherical CeO2 cluster: a) low magnification (pink circle represents the area 
of the diffraction analyses), b) diffraction pattern, c) higher resolution image, and d) magnified image of c) 

to analyze the primary particle shape (reaction conditions 548 K, 25 MPa, 0.7 s, [Ce]:[Glu] 1:3). 

138x124mm (150 x 150 DPI) 
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Figure 2 HRTEM sample of the cubic CeO2 cluster: a) low magnification (pink circle represents the area of 
the diffraction analyses); b) diffraction pattern; c) higher resolution image and d) magnified image of c) to 

analyze the primary particle shape (reaction conditions 548 K, 25 MPa, 8.0 s, [Ce]:[Glu] 1:3). 
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Figure 3 a) Highly magnified HTREM image of cubic ceria and b) illustration of the truncated octahedral 
primary particle of b for easier identification (reaction conditions: 548 K, 25 MPa, 8.0 s, [Ce]:[Glu] 1:3). 
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Figure 4 SEM images showing shape alteration depending on the reaction time synthesized at 548 K and 25 
MPa. 
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Figure 5 Time dependence of cluster size evaluated by TEM and crystal size estimated using the XRD pattern 
via Halder-Wagner method: filled; cluster size (left axis), open; crystal size (right axis). 
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Figure 6. a) Cross-sectional and b) EBSD image of spherical cluster (548 K, 25 MPa, 0.7 s, [Ce]:[Glu] 1:3). 
 c) Spectra map of the crystal orientation. d) Cross-sectional and e) EBSD image of cubic cluster (548 K, 25 

MPa, 8.0 s, [Ce]:[Glu] 1:3) 
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Figure 7. CeO2 synthesized in the absence of Glu (Reaction condition: 548 K, 25 MPa, 0.7 s) a) [Ce] 0.01M, 
c) [Ce] 0.005M, e) [Ce] 0.01M and xEthanol = 0.08. CeO2 synthesized in the presence of Glu (Reaction 

condition: 548 K, 25 MPa, 0.7 s, [Ce]:[Glu] 1:3) b) [Ce] 0.01M, d) [Ce] 0.005M, f) [Ce] 0.01M and xEthanol 
= 0.08. The numbers at the bottom of each TEM image represent the average size analyzed from of at least 

100 particles. 
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