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Abstract 

Inorganic layered materials can be converted to colloidal liquid crystals through 

exfoliation into inorganic nanosheets, and binary nanosheet colloids exhibit rich phase 

behavior characterized by multiphase coexistence.  In particular, niobate–clay binary 

nanosheet colloids are characterized by phase separation at a mesoscopic (~ several tens 

of micrometers) scale whereas they are apparently homogeneous at a macroscopic scale.  

Although the mesoscopic structure of the niobate–clay binary colloid is advantageous to 

realize unusual photochemical functions, the structure itself has not been clearly 

demonstrated in real space.  The present study investigated the structure of niobate–clay 

binary nanosheet colloids in detail.  Four clay nanosheets (hectorite, saponite, 

fluorohectorite, and tetrasilisic mica) with different lateral sizes were compared.  Small-

angle X-ray scattering (SAXS) indicated lamellar ordering of niobate nanosheets in the 

binary colloid.  The basal spacing of the lamellar phase was reduced by increasing the 

concentration of clay nanosheets, indicating the compression of the liquid crystalline 

niobate phase by the isotropic clay phase.  Scattering and fluorescence microscope 

observations using confocal laser scanning microscopy (CLSM) demonstrated the phase 

separation of niobate and clay nanosheets in real space.  Niobate nanosheets assembled 

into domains of several tens of micrometers whereas clay nanosheets were located in 

voids between the niobate domains.  The results clearly confirmed the spatial separation 

of two nanosheets and the phase separation at a mesoscopic scale.  Distribution of clay 

nanosheets is dependent of the employed clay nanosheets; the nanosheets with large 

lateral length are more localized or assembled.  This is in harmony with larger basal 

spacings of niobate lamellar phase for large clay particles.  Although three-dimensional 

compression of the niobate phase by the coexisting clay phase was observed at low clay 
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concentrations, the basal spacing of niobate phase was almost constant irrespective of 

niobate concentrations at high clay concentrations, which was ascribed to competition of 

compression by clay phase and restoring of the niobate phase.    

 

 

INTRODUCTION 

 Multicomponent systems show rich phase behavior to form various multiphase 

coexisting structures.  Appropriate designs of structural and functional interactions 

between the components can develop novel advanced materials.  In particular, 

mesoscopic multiphase structures, where individual phases coexisting at mesoscopic 

scales from micrometers to sub-millimeters are assembled into a macroscopic structure, 

play crucial roles in realizing advanced functions of a broad range of materials from living 

things1 to ceramic2 and steel.3  In addition, mesoscopic multiphase structures of living 

things are characterized by dynamic properties, by which energy, electron, and mass 

transfers are controlled by external stimuli.4  Thus, multiphasic and dynamic 

organizations of mesoscale components provide a broad range of hierarchical structures 

applicable to artificial organs, microrobots, micromachines, and so forth.  However, 

previously developed examples are assembled with organic building blocks in most cases.  

Organization of dynamic mesoscopic multiphase structures with inorganic building 

blocks will enable unusual advanced materials by cooperation of specific structural, 

electronic, optic, and magnetic properties of inorganic species with dynamic control of 

their functions.   

 Multicomponent inorganic colloids are typical but still undeveloped examples 

of dynamic hierarchical multiphase systems constructed by inorganic particles.5, 6  



4 

Multicomponent colloids consisting of morphologically different particles generally 

cause phase separation when attractive interactions are absent among particles.  This is 

basically understood by entropically driven demixing called depletion.7-9  When 

multicomponent colloids contain anisotropic particles, shape anisotropy of the particles 

add liquid crystallinity to the systems, as explained by the entropically driven phase 

transition established by Onsager.10, 11  With these mechanisms, binary systems with low-

dimensional particles exemplified by plate–sphere and plate–rod mixtures show 

multiphase coexistence involving liquid crystalline phases.12-16  However, limited 

experimentally verified systems have been reported in particular for aqueous systems.17-

20   

 For aqueous plate–plate binary colloids, electrically charged inorganic 

nanosheets prepared by exfoliation of inorganic layered crystals have been developed in 

the past decades.  Phase behavior of nanosheet colloids is characterized by stable LC 

phases due to highly anisotropic shape of nanosheets with 1-nm thickness and 

micrometer-level lateral size.21, 22  Examples are nanosheet colloids of metal phosphates, 

layered niobates and titanates, clay minerals, graphene oxides, and layered metal carbides 

(MXenes).21-28  Mixing of two nanosheets without attractive interactions causes phase 

separation to evolve multiphase coexistence of LC and isotropic phases, as evidenced by 

titanate–clay binary nanosheet colloids, where both the nanosheets are negatively 

charged.29-31  However, phase separation of multicomponent colloids is usually obtained 

at eye-detectable macroscopic scales.32-34  In fact, the titanate–clay binary colloids exhibit 

multiphase coexistence at a macroscopic scale.30  Only a very few papers have reported 

suppression of macroscopic separation by glass formation.35, 36   

 In contrast, we have succeeded in organizing a mesoscopic multiphase 
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coexistence by using an aqueous binary colloidal system of negatively charged niobate 

(designated as NB hereafter) and smectite-type clay nanosheets.29  In this system, 

although both of the inorganic nanosheets with a thickness of ca. 1 nm and lateral length 

up to several micrometers are mixed and apparently homogeneously dispersed at a 

macroscopic (naked eye) scale, they are phase-separated at a mesoscopic scale.  However, 

this system is not in a glass state but fluid.  The dynamic nature allows particle diffusion 

in the colloid to achieve controllable photoinduced electron transfer, accumulation, and 

photocatalytic reactions between photocatalytically active NB nanosheets and electron-

accepting molecules loaded on clay particles.37-40  Thus, our NB–clay binary colloid is a 

rare example of hierarchically organized multicomponent photofunctional inorganic 

liquid crystalline colloid with mesoscopic multiphase structures retaining high fluidity of 

particles.29, 37  Although each phase is held at a mesoscopic scale to work as a dynamic 

functional unit, the whole structure of NB–clay binary system has only been qualitatively 

characterized by spectroscopic and small-angle neutron scattering measurements.   

 In the present study, we clarify the real-space structure of NB–clay binary 

nanosheet colloids by small-angle X-ray scattering (SAXS) and confocal laser scanning 

microscopy (CLSM).  Their colloidal structure is characterized by the coexistence of 

liquid crystalline NB and isotropic clay nanosheets.  The NB nanosheets are present as 

liquid crystalline domains of mesoscopic scale (~ 10 µm), suffering from compression by 

coexisting clay nanosheets, as illustrated in Scheme 1.  Such mesoscopic dynamic 

colloidal architecture is independent of clay particles even though their size is different 

by two orders of magnitude, although the distribution of clay nanosheets is somewhat 

different with the clay source.  Our systematic study can open up a new paradigm for 

designing and understanding new colloidal systems made of various nanosheets. 
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EXPERIMENTAL SECTION 

 Materials.  NB–clay aqueous binary nanosheet colloids were prepared by 

simply mixing aqueous colloids of NB and clay nanosheets.  Milli-Q water was used in 

all of the samples.  NB nanosheet colloids were obtained from potassium hexaniobate 

crystallites (K4Nb6O17) through exfoliation using propylammonium ions as the 

exfoliating reagent.21  K4Nb6O17 single crystals (~ 5 mm size, 1.5 g) were dispersed in an 

aqueous propylammonium chloride solution (0.2 mol L–1, 87 mL) and heated at 80 oC for 

7 d.  Solid component recovered by centrifugation was dispersed and stirred in water, and 

centrifuged again.  The dispersion–centrifugation process was repeated twice.  Then, the 

solid product was dispersed in water and dialyzed against water (5 h, 5 times and 24 h, 

twice).  With this procedure, we reproducibly obtained niobate nanosheets with lateral 

particle size of around 2 µm.   

 Smectite-type clay minerals were dispersed in water to yield clay colloids.  We 

examined four synthetic clay minerals: hectorite (Laponite RD, Rockwood Additives 

Ltd.), saponite (Sumecton SA, Kunimine Industries Co.), fluorohectorite (NHT sol, Topy 

Industries Co.), and fluorotetrasilisic mica (NTS-5, Topy Industries Co.).   Among them, 

two clay minerals (hectorite and saponite, written as Hect and Sapo, respectively) 

received as powder samples were dispersed in water without further purification to obtain 

colloid samples.  Both of Hect and Sapo nanosheets have about 30 nm of lateral length 

(diameter).41, 42  The other two clays (fluorohectorite and tetrasilisic mica, indicated as 

FH and TSM, respectively) were received as aqueous suspensions.  They were 

centrifuged, by which the clay suspensions were separated into three phases: upper 

supernatant, intermediate viscous sol, and lower sediment phases.23  The sol phase was 
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picked up and dialyzed with water, and then dried at 60 oC.  Lateral particle sizes of FH 

and TSM were 1-2 µm,23 being larger than Hect and Sapo by two orders of magnitude, 

while all of the clay nanosheets possessed the same thickness.   

 SAXS Measurements.  All of the samples were subjected to SAXS 

measurements.  They were performed on a Rigaku NANO-Viewer apparatus (CuKa 

radiation, 40 kV, 30 mA) having the accessible q range from 0.1 to 1 nm–1.  Hereafter, q 

denotes the magnitude of scattering vector defined by q = [4π sin (θ/2)]/λ, where θ and λ 

are the scattering angle and wavelength of the X-ray beam (0.15418 nm), respectively.  

For the measurement, a colloid sample was injected into a thin layer cell (0.5 to 1 mm in 

thickness) sandwiched by a polyethylene film, but the cell thickness was not controlled 

exactly.  The sample was not relaxed enough to remove the shear force applied during the 

injection; its viscosity depended on the concentrations of NB and clay nanosheets.  Thus, 

we do not discuss particle orientation based on the radial symmetry of the SAXS data.   

 CLSM Measurements.  Some NB–Hect and NB–FH colloids were 

characterized by CLSM for observing colloidally dispersed nanosheets in real space.  

CLSM images were recorded on a Nikon Eclipse Ti-E inverted optical microscope 

equipped with a Nikon A1+ confocal laser scanning system by using an oil immersion 

objective lens (´ 100).  We separately observed NB and clay nanosheets in the binary 

colloids by recording scattering and fluorescence images.  The former images were 

recorded by irradiating the sample with a 405-nm diode laser and detecting the scattered 

light of 400–750 nm from the sample without any cutoff filter.  This technique essentially 

allows observation of all objects that can scatter the incident laser beam, resulting in 

detection of NB nanosheets (see Results section).  The latter ones were obtained by 

irradiating the sample with a 488-nm Ar laser and detecting the light of 570–620 nm 
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through a color filter.  This condition was employed for detecting clay nanosheets through 

observing fluorescence of a probe dye adsorbed on the nanosheets.   

 Selective observation of clay nanosheets with fluorescence CLSM images was 

enabled by selective adsorption a cationic fluorescence dye onto clay nanosheets.  We 

have already reported this adsorption behavior; addition of cationic organic species into 

NB–clay binary nanosheet colloids cause selective adsorption of the organic molecules 

on clay nanosheets because of more hydrophobic nature of the clay nanosheet surfaces 

than those of NB nanosheets.29  We employed rhodamine 6G (R6G) as the fluorescence 

probe, and the selective adsorption on clay nanosheets in the binary colloids is indicated 

by fluorescence spectra of R6G.  Whereas R6G in a single-component NB nanosheet 

colloid shows a fluorescence maximum at a wavelength slightly blue-shifted position 

compared with the spectrum of an R6G aqueous solution, the dye in a binary colloid 

exhibits a fluorescent peak at the same position as that in a single-component clay 

nanosheets (Figure S1, Supporting Information).  Thus, we added R6G to NB–clay binary 

colloids with the concentration of 5 ´ 10–5 mol L–1.    

 

RESULTS 

 Sample Appearance.  All of the NB–clay binary colloids are milky turbid 

without no eye-detectable phase boundaries, as shown by digital camera images of Figure 

1.  The sample appearances are almost the same for all of the binary colloids.  The 

homogeneous colloidal appearances were kept at least for a week.  In addition, they show 

birefringence indicating liquid crystalline property from whole of the samples.  These 

results indicate that NB and clay nanosheets in the binary colloids are mixed apparently 

homogeneously at a macroscopic scale, independent of the employed clay mineral species 
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although their particle sizes are different in two orders of magnitude.   

 The NB–clay binary colloids retain such macroscopic appearances for more 

than a few weeks.  The stability depended on the sample composition and we did not 

follow the exact time lapse, and some samples showed macroscopic phase separation after 

several months.  However, heterocoagulation was not observed.  This is rationalized by 

negative surface charges of both NB and clay nanosheets; our preliminary zeta-potential 

measurement indicated –20 to –40 mV of NB nanosheets and negative surface charges of 

smectite-type clays have been well established by previous works.43    

 SAXS Analysis.  We have employed SAXS measurements for detecting liquid 

crystalline ordering of nanosheet colloids.  All of the nanosheet colloids examined in the 

present study show a power-law relationship I(q) µ q–2 where I(q) is the scattering 

intensity and q is the magnitude of scattering vector, which is ascribed to the form factor 

scattering from isolated 2D particles, i.e., nanosheets.  The peaks due to nanosheet–

nanosheet correlation, the structure factor, overlaps on the power-law scattering.  To 

clearly discuss the structure factor, we plotted I(q) ´ q2 against q on log-log scales as 

shown in Figures 2–4 and Figures S1 and S2 (Supporting Information) of single-

component NB and clay colloids and NB–clay binary colloids.   

 For single-component NB colloids, samples with the nanosheet concentrations 

higher than 40 g L–1 show scattering peaks although those with the concentration lower 

than 30 g L–1 do not show specific peaks (Figure 2A).  The scattering observed for high 

concentration colloids is accompanied by higher-order peaks, indicating the presence of 

lamellar nanosheet ordering.  The identification as “lamellar” phase will be discussed later.  

The basal spacings of the lamellar phases are several tens of nanometers as summarized 

in Table S1 (Supporting Information), indicating the formation of liquid crystalline phases.  
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In contrast, single-component clay colloids show different SAXS patterns depending on 

their lateral nanosheet size.  Hect and Sapo colloids characterized by small lateral size (~ 

30 nm) of clay nanosheets show only the I(q) ~ q–2 relationship as indicated by the SAXS 

patterns lacking specific peaks (Figure 2B).  FH and TSM colloids consisting of µm-size 

clay nanosheets exhibit the peaks due to lamellar liquid crystalline phase with the basal 

spacing of several tens of nanometers even at low nanosheet concentrations (> 10 g L–1) 

(Figure 2C).  These results are consistent with the previous reports on liquid crystallinity 

of NB and clay nanosheets.23, 44   

 On the other hand, all the NB–clay binary nanosheet colloids exhibit scattering 

peaks in their SAXS patterns; Figures 3 and 4 plots the SAXS patterns of the binary 

colloids with low and high NB concentrations of 10 and 40 g L–1, respectively, and 

Figures S1 and S2 (Supporting Information) show the patterns with intermediate NB 

concentrations (20 and 30 g L–1).  They indicate the formation of lamellar phases at all of 

the examined NB concentrations of 10–40 g L–1 and clay concentrations of 5–40 g L–1, 

irrespective of clay mineral species.  Only one lamellar phase is found as the ordered 

phase in each sample even at the nanosheet concentrations where both NB and clay (FH 

and TSM) nanosheets can evolve ordered phases in their single-component colloids.  We 

assign the lamellar phase found in the binary colloids to liquid crystalline ordering of NB 

nanosheets, as discussed later.  Basal spacings of the lamellar phase are listed in Table S1 

(Supporting Information).  At fixed NB and clay concentrations, the spacings are 

generally larger for FH and TSM, characterized by larger nanosheet lateral seizes, than 

Hect and Sapo with smaller lateral sizes.   

 Basal spacing of the lamellar phase of NB–clay binary nanosheet colloids is 

related to the concentrations of both nanosheets.  Figures 5 plots the basal spacing against 
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the clay nanosheet concentration at a fixed NB nanosheet concentration.  Increase in the 

clay nanosheet concentration leads to decrease in the basal spacing, indicating 

compression of the lamellar phase of NB nanosheets by the introduction of clay 

nanosheets as discussed later.  The dependency is apparently almost the same in the four 

NB–clay (Hect, Sapo, FH, or TSM) systems at the same niobate concentration, although 

FH and TSM give larger basal spacings, i.e., lesser extent of compression than Hect and 

Sapo.  The basal spacing reduction with the clay concentration is steeper for low NB 

concentrations (10 and 20 g L–1, Figures 5A and B).    

 In contrast, the basal spacing at a constant clay nanosheet concentration does 

not largely decrease with the increase of NB concentration.  Figure 6 plots the basal 

spacing against the NB nanosheet concentration at each clay concentration.  The double 

logarithmic plots are used for evaluating dimensionality of the swelling/compression of 

NB lamellar phase from the power law of d µ cNBb, where d is the basal spacing and cNB 

is the NB concentration.  One- and three-dimensional swelling/compression is supposed 

from the exponent b of –1 and –1/3, respectively.22, 24, 44  The b values estimated from 

Figure 6 are summarized in Table S2 (Supporting Information).  Whereas b is around –

1/3 for clay concentration, cclay, of 5 g L–1, the value is reduced with increasing cclay to 

reach in the range of –0.01 to –0.1 at higher cclay.  In other words, the basal spacing is 

almost constant being independent of cNB at higher cclay.    

 Volume occupancy of the lamellar phase is estimated from its d value and the 

NB concentration cNB, by assuming that the lamellar phase consists of NB nanosheets and 

all of the NB nanosheets are included in the ordered phase.  The results are summarized 

in Table S1.  The values being less than 100% evidence phase separation of the lamellar 

phase detected by SAXS from the other phase(s).  At cNB lower than 20 g L–1, the volume 
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occupancy is generally smaller than 50%; the lamellar phase is a minor fraction in these 

colloids.  However, it reaches 50% at cNB and cclay both larger than 30 g L–1, and exceeds 

90% at cNB = 40 g L–1 and cclay = 5 g L–1.   

 CLSM Observations.  We succeeded in separate detection of NB and clay 

nanosheets in the binary colloids by combining scattering and fluorescence observations 

of CLSM images.  Scattering measurement detects NB nanosheets as red color but not 

clay (Lapo and FH) nanosheets, the results which would be ascribed to their higher 

electron density of NB nanosheets than clay nanosheets.  In contrast, clay colloids are 

observed with fluorescence technique as green objects due to cationic R6G dye molecules 

adsorbed on clay nanosheets as probe dye.   

 Figure 7 shows CLSM images of single-component NB, Hect, and FH colloids 

measured with scattering and fluorescence techniques.  CLSM image of a NB colloid (5 

g L–1) recorded by scattering method shows unevenly distributed red objects while the 

objects are broadly spread in the sample reflecting a colloidally dispersed state of the 

exfoliated nanosheets (Figure 7A).  This image indicates localization, in other words 

concentration fluctuation, of NB nanosheets.  On the other hand, fluorescence CLSM 

image of a Hect nanosheet colloid (5 g L–1) exhibits homogeneous green color in whole 

of the sample, indicating spreading of clay nanosheets entirely in the colloid, reflecting 

infinite swelling of clay crystallites (Figure 7B).  However, the fluorescence image of an 

FH nanosheet colloid (5 g L–1) exhibits localized intense green color, indicating finite 

swelling of this clay mineral and inhomogeneous location of its nanosheets (Figure 7C).  

Scattering CLSM observations are not suitable to monitor Hect and FH nanosheets 

because clay particles are not detected as efficiently as those with the fluorescence 

observations.   



13 

 CLSM images of a NB–Hect binary nanosheet colloid shown in Figure 8 give 

direct evidence for the phase-separation of NB and clay nanosheets in the colloid.  

Scattering observation of an NB–Hect binary colloid (concentrations of NB and Hect are 

both 10 and 5 g L–1, respectively) exhibits inhomogeneous distribution of red objects as 

seen in the 3D image (Figure 8A).  This indicates that NB nanosheets are distributed in 

the colloid as domains.  The NB domains of around 5–20 µm length and around 5 µm 

thickness having irregular and scrambled but somewhat flat shapes are estimated from 

3D and horizontal and vertical cross sectional 2D images shown in Figure 10 as well as 

Figure S3 (Supporting Information).  Cross-sectional images (Figure 8B) apparently 

indicate the presence of aggregated platy particles in the domains. On the other hand, 

fluorescence CLSM observation indicates almost homogeneous distribution of Hect 

nanosheets as indicated by entire distribution of green color (Figure 8C).  However, the 

horizontal cross section shows certain inhomogeneity of clay nanosheets distribution 

(Figure 8D).  Superimposition of the horizontal 2D images of scattering (NB) and 

fluorescence (Hect) observations clarifies that voids among the NB nanosheets detected 

in the scattering image are filled with Hect nanosheets and vice versa (Figure 8E).  This 

fact demonstrates spatial separation of NB and Hect nanosheets at a mesoscopic scale in 

real space.    

 A NB–FH binary nanosheet colloid with the same concentrations as those of 

the NB–Hect colloid also provides CLSM images showing phase separation (Figure 9).  

Scattering image indicates irregularly shaped domains of NB nanosheets similarly to that 

of NB–Hect colloid.  FH nanosheets detected by fluorescence observation are not 

apparently homogeneously dispersed in whole of the colloid, being different from those 

in the NB–Hect binary colloid, but segregated in the sample to form intensely fluorescent 
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domains.  Although some of FH nanosheets can be detected by scattering measurement 

as indicated by the observation of single FH nanosheet colloid (Figure 7), comparison of 

scattering and fluorescence images of the NB–FH colloid suggests that most of the objects 

detected by scattering observation are assigned to NB nanosheets.  Superimposition of 

the images of NB nanosheets (scattering) and FH nanosheets (fluorescence) in the 

horizontal cross sections indicates spatially separated location of NB and FH nanosheets.  

This result is basically the same as that of the NB–Hect colloid.  However, FH nanosheets 

are aggregated, or localized, to form their domains as evidenced by inhomogeneous green 

color of the fluorescence image, being in contrast to Hect nanosheets in the NB–Hect 

colloid.   

 Polarized optical microscope (POM) observations coincide with the CLSM 

results.  POM images NB–Hect and NB–FH binary colloids shown in Figure S4 

(Supporting Information) indicate the presence of discrete birefringent domains for both 

of the samples.  The birefringent domains are assigned to the liquid crystalline NB 

nanosheet domains observed in the CLSM images based on their distribution and size.  

The images also support that clay nanosheets are non-birefringent, i.e., isotropic in the 

colloids.    

 

DISCUSSION 

 Phase-Separation of NB–Clay Binary Nanosheet Colloids.  SAXS and 

CLSM analysis of the NB–clay binary nanosheet colloids, where both of the nanosheets 

bear negative electric charges, indicate phase-separation of an ordered (liquid crystalline) 

and isotropic phases in the colloids.  The ordered phases have lamellar structure with 

basal spacings of several tens of nanometers in all of the binary nanosheet colloids 
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independent of the employed clay minerals (Hect, Sapo, FH, and TSM).  Nanosheet 

ordering in a lamellar fashion is rationalized by their 2D shape.  Thus, we employ the 

term of lamellar phase for indicating the liquid crystalline ordering in the present paper.  

However, in the present study, we did not take care of accurately identifying the exact 

phase — nematic, lamellar, or columnar — but describe “lamellar” because all of these 

phases have “lamellar-like” ordering due to the 2D shape of nanosheets.  Quantitative 

characterization using an upgraded instrument45 will be a future problem.    

 Dependence of the basal spacings on the niobate or clay concentrations is 

essentially the same irrespective of the difference in clay minerals.  Each sample contains 

one ordered phase.  On the other hand, CLSM observations demonstrate spatial separation 

of niobate nanosheets and clay nanosheets in real space.  Although distribution of clay 

nanosheets depends on the species (Hect or FH), that of niobate nanosheets is essentially 

the same.   

 From these results, we assign the ordered phase in the niobate–clay binary 

nanosheet colloids to lamellar liquid crystalline phase of niobate nanosheets.  For single-

component clay colloids, FH and TSM form liquid crystalline phases but Hect and Sapo 

only form isotropic phases.  Great differences in the distribution between FH and Hect 

nanosheets are observed in both of the single-component and binary colloids, as 

demonstrated by CLSM.  Nevertheless, all of clay minerals give essentially the same 

SAXS results after demixing with NB nanosheets, which cannot be rationalized if the 

lamellar phases in the binary colloids are induced by liquid crystalline ordering of clay 

nanosheets.  Hence, we conclude that clay nanosheets are present in isotropic (disordered) 

states in all of the NB-clay binary colloids even though FH and TSM nanosheets 

themselves can form lamellar liquid crystalline phases in the absence of NB nanosheets.    
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 NB nanosheets form ~10 µm size discrete domains which are spatially 

separated from clay nanosheets, directly indicating phase separation at a mesoscopic scale.  

NB nanosheets are aligned in a lamellar manner in each domain with a basal spacing of 

several tens of nanometers, which are seen in the CLSM images as aggregates of platy 

particles.  The basal spacing and domain size suggest that each NB nanosheet domain 

contains several hundred to a thousand nanosheets.   

 The mesoscopic size of NB nanosheet domains in the binary colloids is ascribed 

to slow kinetics; the growth of NB nanosheet domains through Ostwald ripening46 is 

suppressed in the presence of clay nanosheets, as viscous nature of clay colloids is widely 

known.47  However, we suppose that the formation of lamellar structure detected by 

SAXS is completed even though the domain growth is suppressed.  This idea is supported 

by the basal spacing and volume occupancy of the lamellar phase with different NB and 

clay concentrations being consistent each other.  The volume occupancy approaching 

unity at high NB concentrations (Table S1, Supporting Information) indicates enough 

expansion of the distance between NB nanosheets in the binary colloids.  Future works 

of long-term observations and rheological measurements, including detailed analyses of 

sol–gel behavior, of the samples are necessary to clarify the details.   

 Effects of Coexisting Clay Nanosheets on the Distribution of NB 

Nanosheets.  The SAXS results indicate almost the same behavior of the lamellar phase 

of NB nanosheets for the four clay minerals examined in the present study; the basal 

spacing decreases as increasing the concentration of clay nanosheets at a constant NB 

concentration (Figure 5).  This fact means compression of the domain volume of NB 

nanosheets in the presence of clay nanosheets.  The same dependency of the basal 

spacings for different clay minerals shows that all of the clay minerals reduce the basal 
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spacing of the NB phase in the same manner as the increase of clay concentration.  In 

contrast, the relationships of the basal spacing and NB nanosheet concentration (Figure 

6) suggests three-dimensional compression/swelling of the liquid crystalline domains of 

niobate nanosheets for the lowest clay concentration examined (5 g L–1) as evidenced by 

relationship between basal spacing d and NB concentration cNB: d µ cNBb, b ~ –1/3.  

However, the b value decreases with increasing cNB to become close to 0, indicating 

almost constant basal spacing for a given clay concentration irrespective of the difference 

in cNB.  This behavior of the lamellar phase of NB nanosheets is not simply explained by 

compression induced by the coexisting isotropic clay phase.  

 We ascribe the constant basal spacing between the NB nanosheets at high clay 

concentrations to competition between the compressing force of the introduced clay phase 

and restoring force of the compressed NB phase.  This is schematically illustrated in 

Figure 10.  When concentrations of both NB and clay nanosheets are low, NB nanosheets 

in the lamellar phase are not crowded, and thus assembled with a large basal spacing.  

Introduction of clay nanosheets to this sample causes compression of the liquid crystalline 

domains of NB nanosheets (Figure 10a).  Also, addition of NB nanosheets to this sample 

results in expansion of the NB domains but their basal spacing is somewhat reduced 

because the expansion of NB phase increases effective clay concentration (Figure 10b).  

In contrast, when the initial NB concentration is high, the NB domains are highly 

compressed.  In this condition, effective clay concentration is also high.  Addition of clay 

nanosheets to this sample does not compress the NB domains more and thus does not to 

reduce the basal spacing of liquid crystalline NB nanosheets (Figure 10c).  Meanwhile, 

introduction of NB nanosheets to this sample does not reduce the basal spacing (Figure 

10d).   
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 Another possibility is contribution of clay nanosheets particles to osmotic 

swelling of niobate nanosheets.  In the case of nanosheet colloids of H3Sb3P2O14, almost 

constant basal spacing against nanosheet concentration deviated from the one-

dimensional swelling (b ~ –1 relationship) was observed at low nanosheet concentrations, 

and explained by expulsion of water from the liquid crystalline phase to the isotropic 

phase.22  Although this system is a single-component one, being different from our binary 

colloids, water expulsion to the clay phase would occur to larger extent at high clay 

nanosheet concentrations because the clay phase requires larger amounts of water at 

higher particle concentrations for osmotic swelling of the clay phase.   

 On the other hand, absolute basal spacings of the lamellarly ordered NB 

nanosheets are larger for FH and TSM, which are characterized by nanosheet lateral 

lengths of micrometers, than for Hect and Sapo with the lateral lengths of several tens of 

nanometers.  If we ascribe the phase separation to depletion of NB nanosheets by non-

interacting clay nanosheets, the large size difference of clay nanosheets accompanied by 

a great difference in their excluded volume.  Here, the size of FH and TSM nanosheets is 

comparable to that of NB nanosheets whereas Hect and Sapo nanosheets are much smaller 

than NB nanosheets.  This leads to weaker depletion effects of FH and TSM than Hect 

and Sapo.48  Smaller compression of the NB phase in the FH–NB and TSM–NB colloids 

qualitatively agree with such consideration.  However, based on CLSM images, we 

suppose that the compression of NB phase is not simply explained by depletion.  Although 

Hect nanosheets are distributed in whole of the colloid, FH nanosheets are localized or 

aggregated in the sample probably due to insufficient swelling due to the large particle 

size.  The localized distribution of FH nanosheets permits larger volume occupancy of 

NB nanosheets in the colloid to give larger basal spacing.    
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CONCLUSIONS 

 In summary, the present study clarified particle distribution of niobate–clay 

binary inorganic nanosheets colloids, as the first experimental real-space observation of 

aqueous binary colloids of anisotropic particles.  Although this system is apparently 

homogeneous at a macroscopic scale, niobate nanosheets form a lamellar liquid 

crystalline phase, which is separated from an isotropic phase of clay nanosheets.  The 

lamellar phase is apparently compressed by the coexisting isotropic clay phase, as 

evidenced by shrinkage of the basal spacing of the lamellar structure; nevertheless, the 

lateral size of clay nanosheets little affects the basal spacing of the lamellar phase.  Spatial 

separation of niobate and clay nanosheets are directly indicated by CLSM; niobate 

nanosheets form domains of similar shapes in the binary colloids and clay nanosheets are 

located in voids between the niobate domains.  However, the distribution of clay 

nanosheets is greatly different with the employed clay mineral.  The results demonstrate 

that the phase separation between niobate and clay nanosheets is not explained simply by 

depletion, indicating the importance of experimentally investigating real systems.  Our 

results clearly describe mesoscopic hierarchical structures of niobate–clay binary 

nanosheet colloids in real space, and decoupling of domain structure of individual 

nanosheet species and final macroscopic structure constructed by assembling the 

nanosheet domains.  They can be recognized as important fundamental knowledge for 

discovering unusual functions in multicomponent nanosheet colloids based on their 

multiscale dynamic structures.   
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Captions of Scheme and Figures 

 

Scheme 1.  Schematic Illustration of the Mesoscopic Architecture of NB–Clay Binary 

Nanosheet Colloids.   
 

Figure 1.  Photographs of (a) NB–Hect, (b) NB–Sapo, (c) NB–FH, (d) NB–TSM binary 

nanosheet colloids with the niobate and clay nanosheet concentrations of 20 g L–1.  

 

Figure 2.  SAXS patterns of single-component NB and clay nanosheet colloids.  Both 

axes are in log-scale.  (A) Single-component NB nanosheet colloids of (a) 20, (b) 30, (c) 

40, (d) 50, and (e) 60 g L–1.  (B) Single-component clay nanosheet colloids of (a) Hect 

20, (b) Hect 30, (c) Sapo 20, and (d) Sapo 30 g L–1.  (C) Single-component clay nanosheet 

colloids of (a) FH 20, (b) TSM 20, (c) TSM 30, and (d) TSM 40 g L–1.   

  

Figure 3.  SAXS patterns of NB–clay binary nanosheet colloids at NB concentration of 

10 g L–1.  Both axes are in log-scale.  (A) NB–Hect binary colloids with the clay 

concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–1.  (B) NB–Sapo binary colloids 

with the clay concentration of (a) 5, (b) 10, (c) 20, and (d) 30 g L–1.  (C) NB–FH binary 

colloids with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–1.  (D) 

NB–TSM binary colloids with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 30, and 

(e) 40 g L–1.   

 

Figure 4.  SAXS patterns of NB–clay binary nanosheet colloids at NB concentration of 

40 g L–1.  Both axes are in log-scale.  (A) NB–Hect binary colloids with the clay 

concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–1.  (B) NB–Sapo binary colloids 
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with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–1.  (C) NB–FH 

binary colloids with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–

1.  (D) NB–TSM binary colloids with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 

30, and (e) 40 g L–1.   

 

Figure 5.  Basal spacings of the lamellar phase evolved in NB–clay binary colloids plotted 

against the clay nanosheet concentrations at constant niobate nanosheet concentration of 

(A) 10, (B) 20, (C) 30, and (D) 40 g L–1. 

 

Figure 6.  Basal spacings of the lamellar phase evolved in NB–clay binary colloids plotted 

against the NB nanosheet concentrations at constant clay nanosheet concentration of (A) 

5, (B) 10, (C) 20, (D) 30, and (E) 40 g L–1.   

 

Figure 7.  3D and cross-sectional images obtained by CLMS for (a) NB, (b) Hect, (c) FH 

nanosheet colloids.  CLMS Images obtained by scattering mode and fluorescent mode are 

shown in red and green, respectively.  Scanning areas (x-y plane) are fixed to 130 µm ´ 

130 µm while the z-depth of the image is 100 µm for (a) NB and (b) Hect nanosheet 

colloids, and 90 µm for (c) FH nanosheet colloid.  Cross-sectional images represents x-y 

cross sections at 50 mm z-depth.  Cross-sectional images are contrast-adjusted. 

 

Figure 8.  3D and cross-sectional images obtained by CLMS for NB–Hect (10 g L–1 – 5 

g L–1) binary nanosheet colloid.  CLMS Images obtained by scattering mode and 

fluorescent mode are shown in red and green, respectively.  3D images (A, C) represent 
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visualized images of a 130 µm (x-length) ́  130 µm (y-length) ́  100 µm (z-depth) volume 

for each mode.  Cross-sectional images (B, D) represents x-y cross sections at 50 µm z-

depth.  Superimposed image (E) is created by the integration of the images obtained by 

the two modes.  Cross-sectional images are contrast-adjusted. 

 

Figure 9.  3D and cross-sectional images obtained by CLMS for NB–FH (10 g L–1 – 5 g 

L–1) binary nanosheet colloid.  CLMS Images obtained by scattering mode and 

fluorescent mode are shown in red and green, respectively.  3D images (A, C) represent 

visualized images of a 130 µm (x-length) ́  130 µm (y-length) ́  100 µm (z-depth) volume 

for each mode.  Cross-sectional images (B, D) represents x-y cross sections at 50 µm z-

depth.  Superimposed image (E) is created by the integration of the images obtained by 

the two modes.  Cross-sectional images are contrast-adjusted. 

 

Figure 10.  Schematic representation of the competition between the compressing force 

of the introduced clay phase and restoring force of the compressed NB phase in the phase-

separated binary colloids of NB and clay nanosheets.    
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Scheme and Figures 

 

Scheme 1.  Schematic Illustration of the Mesoscopic Architecture of NB–Clay Binary 

Nanosheet Colloids.   

 

 
 

 

 

 

 

Figure 1.  Photographs of (a) NB–Hect, (b) NB–Sapo, (c) NB–FH, (d) NB–TSM binary 

nanosheet colloids with the niobate and clay nanosheet concentrations of 20 g L–1.  
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Figure 2.  SAXS patterns of single-component NB and clay nanosheet colloids.  Both 

axes are in log-scale.  (A) Single-component NB nanosheet colloids of (a) 20, (b) 30, (c) 

40, (d) 50, and (e) 60 g L–1.  (B) Single-component clay nanosheet colloids of (a) Hect 

20, (b) Hect 30, (c) Sapo 20, and (d) Sapo 30 g L–1.  (C) Single-component clay nanosheet 

colloids of (a) FH 20, (b) TSM 20, (c) TSM 30, and (d) TSM 40 g L–1.   
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Figure 3.  SAXS patterns of NB–clay binary nanosheet colloids at NB concentration of 

10 g L–1.  Both axes are in log-scale.  (A) NB–Hect binary colloids with the clay 

concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–1.  (B) NB–Sapo binary colloids 

with the clay concentration of (a) 5, (b) 10, (c) 20, and (d) 30 g L–1.  (C) NB–FH binary 

colloids with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–1.  (D) 

NB–TSM binary colloids with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 30, and 

(e) 40 g L–1.   
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Figure 4.  SAXS patterns of NB–clay binary nanosheet colloids at NB concentration of 

40 g L–1.  Both axes are in log-scale.  (A) NB–Hect binary colloids with the clay 

concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–1.  (B) NB–Sapo binary colloids 

with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–1.  (C) NB–FH 

binary colloids with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 30, and (e) 40 g L–

1.  (D) NB–TSM binary colloids with the clay concentration of (a) 5, (b) 10, (c) 20, (d) 

30, and (e) 40 g L–1.   
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Figure 5.  Basal spacings of the lamellar phase evolved in NB–clay binary colloids plotted 

against the clay nanosheet concentrations at constant niobate nanosheet concentration of 

(A) 10, (B) 20, (C) 30, and (D) 40 g L–1. 
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Figure 6.  Basal spacings of the lamellar phase evolved in NB–clay binary colloids plotted 

against the NB nanosheet concentrations at constant clay nanosheet concentration of (A) 

5, (B) 10, (C) 20, (D) 30, and (E) 40 g L–1.   
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Figure 7.  3D and cross-sectional images obtained by CLMS for (a) NB, (b) Hect, (c) FH 

nanosheet colloids.  CLMS Images obtained by scattering mode and fluorescent mode are 

shown in red and green, respectively.  Scanning areas (x-y plane) are fixed to 130 µm ´ 

130 µm while the z-depth of the image is 100 µm for (a) NB and (b) Hect nanosheet 

colloids, and 90 µm for (c) FH nanosheet colloid.  Cross-sectional images represents x-y 

cross sections at 50 mm z-depth.  Cross-sectional images are contrast-adjusted. 

  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Fig.9 3D and cross-sectional images obtained by CLMS for (a) niobate, (b) Hectorite , (c) 
Fluorohectorite dispersions. CLMS Images obtained by scattering mode and fluorescent 

mode are shown in red and green, respectively. Scanning areas (x-y plane) are fixed to 130 

Pm X 130 Pm while the z-depth of the image is 100 Pm for (a) niobate and (b) Hectorite 
dipersions, and 90 Pm for (c) Fluorohectorite dispersion. Cross-sectional images represents 
x-y cross sections at 50 mm z-depth. Cross-sectional images are contrast-adjusted.  
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Figure 8.  3D and cross-sectional images obtained by CLMS for NB–Hect (10 g L–1 – 5 

g L–1) binary nanosheet colloid.  CLMS Images obtained by scattering mode and 

fluorescent mode are shown in red and green, respectively.  3D images (A, C) represent 

visualized images of a 130 µm (x-length) ́  130 µm (y-length) ́  100 µm (z-depth) volume 

for each mode.  Cross-sectional images (B, D) represents x-y cross sections at 50 µm z-

depth.  Superimposed image (E) is created by the integration of the images obtained by 

the two modes.  Cross-sectional images are contrast-adjusted. 

 

  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10 3D and cross-sectional images obtained by CLMS for niobate-Hectorite (10 gL-1- 5 

gL-1) binary dispersion. CLMS Images obtained by scattering mode and fluorescent mode 

are shown in red and green, respectively. 3D images (A, C) represent visualized images 

of a 130 Pm(x-length) X 130 Pm (y-length) X100 Pm (z-depth) volume for each mode. 

Cross-sectional images (B, D) represents x-y cross sections at 50 Pm z-depth. 
Superimposed image (E) is created by the integration of the images obtained by the two 

modes. Cross-sectional images are contrast-adjusted.  
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Figure 9.  3D and cross-sectional images obtained by CLMS for NB–FH (10 g L–1 – 5 g 

L–1) binary nanosheet colloid.  CLMS Images obtained by scattering mode and 

fluorescent mode are shown in red and green, respectively.  3D images (A, C) represent 

visualized images of a 130 µm (x-length) ́  130 µm (y-length) ́  100 µm (z-depth) volume 

for each mode.  Cross-sectional images (B, D) represents x-y cross sections at 50 µm z-

depth.  Superimposed image (E) is created by the integration of the images obtained by 

the two modes.  Cross-sectional images are contrast-adjusted. 

  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig.11 3D and cross-sectional images obtained by CLMS for niobate-Fluorohectorite (10 

gL-1- 5 gL-1) binary dispersions. CLMS Images obtained by scattering mode and 

fluorescent mode are shown in red and green, respectively. 3D images (A, C) represent 

visualized images of a 130 µm(x-length) X 130 µm (y-length) X100 µm (z-depth) volume 

for each mode. Cross-sectional images (B, D) represents x-y cross sections at 50 µm 

z-depth. Superimposed image (E) is created by the integration of the images obtained by 

the two modes. Cross-sectional images are contrast-adjusted.  

3D images (i, ii, vi, vii) represent visualized images of a 130 µm(x-length) X 130 µm 

(y-length) X100 µm (z-depth) volume for each mode. Cross-sectional images (iii, iv, viii, ix) 

represents x-y cross sections at 50 mm z-depth. Overlapped images (v, x) are created by 

the integration of the images obtained by the two modes. Cross-sectional images are 

contrast-adjusted.  
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Figure 10.  Schematic representation of the competition between the compressing force 

of the introduced clay phase and restoring force of the compressed NB phase in the phase-

separated binary colloids of NB and clay nanosheets.    

 

 

 

 


