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Abstract 

Nanostructured core-shell microspheres with a rough rutile core and a thin anatase 

shell are synthesized via a one-step heterogeneous templated hydrolysis process of 

TiCl4 vapor on the aerosol water-air interface. The rutile-in-anatase core–shell 

structure has been evidenced by different electron microscopy techniques, 

including electron energy-loss spectroscopy (EELS) and 3D electron tomography. 

A new mechanism for the formation of a crystalline rutile core inside the anatase 

shell is proposed based on a statistical evaluation of a large number of electron 

microscopy data. We found that the control over the TiCl4 vapor pressure, the ratio 

between TiCl4 and H2O aerosol, and the reaction conditions plays a crucial role in 

the formation of the core-shell morphology and increases the yield of 

nanostructured microspheres. 

 

1. Introduction 

Titanium dioxide attracts profound interest as a promising nanomaterial for 

photovoltaics, water photosplitting, air purification and lithium storage.1–5 In 

particular, titania based core-shell materials attract special attention because of 

their promising applications in photocatalysis.6,7 Many studies showed that pure 

anatase is more active in photocatalytic reactions than rutile. However, it is also 

confirmed that the presence of both phases causes a transfer of photogenerated 

electrons and holes between the different phases, thus improving the charge 

separation efficiency and the overall activity of the composite material.8–11  

Uniform 10 nm rutile nanowires evenly coated by an anatase film and assembled 

into flower-like 3µm microspheres have been recently prepared by a hydrothermal 

treatment of a mixed phase TiO2 powder.7 Similar structures were obtained by the 

deposition of anatase on the surface of 200-500 nm rutile microspheres via a vapor 

phase hydrolysis process.12 Rutile–anatase nanocrystalline TiO2 with a core–shell 

structure was synthesized via a phase conversion method with semicrystalline TiO2 
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embedded in a caramelized sucrose matrix, treated hydrothermally, and annealed.13 

Nanowires with a TiO2(B) core and an anatase shell were grown on titanium foil 

via a four-step route.14 Unfortunately, most of the preparation techniques of such 

core-shell materials are time- and resource-consuming syntheses. 

The aerosol pyrolysis technique is known as a facile way to prepare various 

microspheres with different composition because of the precise spherical shape of 

aerosol droplets acting as morphology directing agents and isolated microreactors. 

The pyrolysis of nebulized colloidal solutions in ethanol, containing pre-

synthesized Fe3O4 particles (future core) and dissolved tetraethyl orthosilicate 

(TEOS) (future shell) was applied to prepare Fe3O4@C-SiO2 core-shell 

microspheres.15 Liquid-feed flame spray pyrolysis of an ethanol solution, 

containing Ce, Zr and Al organic precursors, was used to obtain 

(Ce0.7Zr0.3O2)x@(Al2O3)1-x core-shell nanoparticles; this shape was formed due to 

the difference in vaporization temperature of the different oxides.16 A single-step 

pyrolysis of premixed gas precursors in a furnace aerosol reactor was developed to 

synthesize silica-coated iron oxide nanocomposite materials.17 Cubic single-crystal 

NaCl inside hexagonally ordered mesoporous silica spheres were obtained by 

aerosol pyrolysis of a complex water-based homogeneous precursor containing 

HCl, cetrimonium bromide (CTAB), NaCl and methyltriethoxysilane/orthosilicate 

(MTES/TEOS) in ethanol.18 Spherical submicron-particles with a TiO2 core and a 

RuO2 shell structure were synthesized by employing sequential ultrasonic spray 

pyrolysis.19 However, a one-step synthesis of titania-titania core-shell 

microspheres composed of different TiO2 phases has not been developed so far.  

Recently, a new pyrolysis technique for the preparation of N-doped TiO2 

microspheres with a core-shell structure containing both anatase and rutile phases 

via heterogeneous TiCl4 vapor hydrolysis using water solution aerosols has been 

reported.20,21 However, the internal structure and distribution of anatase and rutile 

in the core-shell microspheres remains unclear due to the restriction of the 

characterization techniques. This paper sheds light on the core-shell morphology 
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and suggests a different formation mechanism of these promising materials. 

Transmission electron microscopy (TEM) is an ideal tool to investigate both the 

structure and the chemical composition of multicomponent nanomaterials, using a 

combination of high-resolution TEM, high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM), energy dispersive X-ray 

spectroscopy (EDX) mapping, and electron energy-loss spectroscopy (EELS).22 

With the use of a monochromator, high-resolution energy filters, and an improved 

mechanical and electrical stability, an energy resolution of around 100meV 

becomes available in EELS. The hybrid structure of anatase/rutile can therefore be 

reliably diagnosed through a high-resolution EELS analysis, and the differences in 

the Ti L2,3 edge between anatase and rutile can be detected.23,24 Equally important, 

the internal structure can be revealed by electron tomography using 3D 

reconstruction.25–30 It allows us to map the distribution of anatase and rutile and 

image the internal structure of the as-synthesized core-shell microspheres by 

advanced TEM. Based on our TEM data, we discuss new features of the formation 

mechanism of microspheres with a rutile@anatase structure and the influence of 

the synthesis conditions on the particle morphology and the doping features. It was 

discovered that the occurrence of TiCl4 hydrolysis on the water-air interface 

defines the core-shell morphology of the TiO2 microspheres. The proposed 

preparation technique allows one to tune up simultaneously the doping and the 

morphological parameters of the titania microspheres. This is important for future 

scaling up the production using aerosol techniques. 

 

2. Results and discussion 

The titania microspheres were synthesized by heterogeneous TiCl4 vapor 

hydrolysis. Figure 1(a) illustrates the schematic synthesis strategy. Briefly, the 

flow of TiCl4 vapor and the flow of water based aerosol mix in the T-piece tube 

leading to the heterogeneous TiCl4 hydrolysis on the surface and inside the aerosol 

droplets followed by the dehydration and calcination of the hydrolysis products in 
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the pre-heated tube furnace (1000 oC). The concentration of TiCl4 in the flow is 

defined by the temperature of the TiCl4 liquid in the evaporator (70 – 110 oC). A 

scanning electron microscopy (SEM) image of the product is shown in Figure 1(b): 

the resulting microspheres are 0.5–3 µm in diameter and demonstrate a smooth 

surface. To investigate the inner structure of the microspheres TEM techniques are 

used. Particularly, in the HAADF-STEM mode, also known as Z-contrast imaging, 

the scattered intensity is approximately proportional to the square of the atomic 

number (Z2) and to the thickness of the sample. HAADF-STEM imaging is 

therefore both chemically-sensitive and thickness-dependent. The HAADF-STEM 

image at low magnification reveals that most of the microspheres have a core-shell 

yolk-like structure (Figure 1(c)). The X-ray diffraction (XRD) pattern (Figure 1(d)) 

shows a high crystallinity of the as-synthesized microspheres, with both the rutile 

and anatase phase present. All diffraction peaks match well with the anatase (A) 

and rutile (R) TiO2 (JCPDS cards no. 21-1272 and 12-1276 respectively). 

However, the exact composition, as well as the phase distribution, are unclear from 

HAADF-STEM and XRD. 
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Figure 1. (a) Schematic illustration of the synthesis of the rutile@anatase core-

shell structured microspheres; (b, c) SEM and HAADF-STEM images of the 

sample obtained at 10% urea and TiCl4 at an evaporator temperature of 70 oC, (d) 

XRD patterns of the products obtained at different urea concentration and TiCl4 

evaporator temperature. 

A detailed investigation of the internal microsphere structure by HAADF-STEM 

(Figure 2(a-d)) reveals the presence of four types of morphologies: yolk structured 

spheres, foggy-spheres, foam-filled spheres, and hollow spheres, denoted as yolk, 

foggy, foam, and hollow respectively. Analysis of over 300 microspheres (see 

Supporting Information Figure S3) leads us to the following relative occurrence: 

58% yolk, 8% foggy, 24% foam and 10% hollow. The shell of all microspheres 

consists of 10-60 nm nanocrystals, while the core of the yolk particles consists of 

some bigger crystals up to 500 nm. Hollow and foam types possess a thick shell of 

about 60 - 300 nm while foggy and yolk types have a very thin shell of less than 25 

nm (Figure 2(e-h)). Among all these sphere types only the yolk morphology has an 

apparent core inside the shell. The foggy microspheres might also have some 

relatively large crystal particles hiding inside the microsphere (indicated in Figure 

2(c) by red circles). The corresponding selected area electron diffraction (SAED) 

patterns in the case of the hollow (Figure 2(i)) and foam-filled (Figure 2(j)) 

microspheres reveal a pure anatase phase while the SAED pattern of the foggy and 

yolk microspheres presents some rutile patterns mixed with anatase diffraction 

rings. (indicated in Figure 2(k,l)). Therefore, the hollow and foam-filled 

microspheres consist of only the anatase phase, while the foggy and yolk 

microspheres contain both the rutile and anatase phases in different ratios. The 

thickness of the shell in microspheres without the rutile phase (hollow 

microsphere: 65nm and foam-filled microsphere: 42nm, indicated in Figure 2 (e) 

and (f)) is typically much larger than that of the microspheres with the rutile phase 

(foggy microsphere: 16nm and yolk microsphere: 15nm, indicated in Figure 2 (g) 

and (h)). However, the phase distribution cannot be determined from diffraction or 

imaging in TEM. 
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Figure 2. (a-d) HAADF-STEM images of different structures; (e-f) corresponding 

HAADF-STEM images at higher magnification from the edge of the microspheres; 

(i-l) corresponding SAED patterns of the whole microspheres in (a-d). Hollow 

structure is shown in (a, e, and i), foam structure in (b, f, and j), foggy structure in 

(c, g, and k), and yolk structure in (d, h, and l). 

In order to investigate the spatial distribution of anatase and rutile, electron energy-

loss spectroscopy has been used to analyze and map the phase distribution. The 

hybrid structure of rutile/anatase can be diagnosed through high-resolution EELS 

analysis by focusing on the differences of the Ti L2,3  edge between anatase and 

rutile, which is one of the most reliable ways to distinguish between rutile and 

anatase on a nanoscale23,31,32 In the EELS process incident electrons are 

inelastically scattered on passing through the sample and losing energy. A core 

electron of the material can be promoted to an unoccupied state, and therefore the 
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corresponding core edge (the Ti L2,3 edge in our case) in the spectrum will carry 

information about the electronic structure and the symmetry of the corresponding 

excited atom. This fine structure analysis can be used to identify different 

components and phases. Furthermore, by using an annular dark-field detector to 

collect the electrons scattered over large angles, image acquisition and the 

collection of energy-loss scattered electrons can take place simultaneously. This 

makes HAADF-STEM-EELS ideally suited for the study of our hybrid 

rutile@anatase microspheres due to the fact that imaging can be directly combined 

with local chemical and structural information. The HAADF-STEM image (Figure 

3(a)) shows a typical rutile@anatase core-shell microsphere. The corresponding 

EELS spectra of the Ti L2,3 edge from zone 1 and zone 2, indicated in Figure 3(a), 

are shown in Figure 3(b) (in blue and black respectively). The EELS spectra of the 

same L2,3 edge for pure anatase (red) and pure rutile (green) are also shown in 

Figure 3(b) as references. All the spectra in Figure 3(b) have been processed under 

the same conditions, and all treated by background removal and deconvolution. 

The core-loss EELS Ti L2,3 spectra are composed of two groups of peaks 

associated with L3 and L2 transitions. Furthermore, the L3 and L2 lines for both 

phases are initially split into two peaks (L3: A and B, L2: C and D). This splitting 

into the t2g (3dπ) and eg (3dσ) bands occurs because of the nearly octahedral 

coordination of Ti in anatase (D2d) and rutile (D2h). Both spectra (anatase and 

rutile) also show that the L3 eg - related peak is further split into two distinct peaks 

(B1 and B2) appearing as a low-energy shoulder for rutile and a high-energy 

shoulder for anatase. The intensity ratio between these two peaks varies as a 

function of the TiO2 crystal structure and is inverted in the case of anatase and 

rutile. Therefore, the most prominent difference of rutile and anatase is the 

asymmetrical splitting of the L3 eg peak in a high-energy and a low-energy 

shoulder (Figure 3(b)) indicated by arrows at B1 and B2. The spectrum of zone 1 

presents a curve (Figure 3(b) blue) similar to the anatase reference (Figure 3(b) red 

spectrum), implying that the shell is composed by anatase particles. However, the 

spectrum of zone 2 (Figure 3(b) black) reveals a flat plateau on the L3 eg related 
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peak, which suggests a co-existence of both rutile and anatase. The rutile phase 

probably comes from the core bulk in zone 2, and the anatase phase comes from 

the shell part. Because the EELS results are based on 2D imaging in a TEM, the 

EELS spectrum of zone2 will contain both anatase (top and bottom shell) and rutile 

information (see Supporting Information Figure S9), however, the pure anatase 

information can be obtained in Zone1. This implies that in a core@shell 

configuration pure rutile-core information cannot be observed independently. 

Hence, the sample has been crushed and a core bulk with clean surface free of shell 

particles is further used to perform EELS (see Supporting Information Figure S1). 

Obviously, the core bulk presents a curve (Supporting Information Figure S1) 

similar to the pure rutile spectrum (Figure 3(b) green spectrum). In order to map 

the hybrid phases of rutile and anatase, the Ti L3 eg peaks in the spectra of every 

pixel were fitted using the EELSMODEL program (Figure 3(d-f)).33 According to 

this program, the fitting and mapping results do not only show a qualitative 

characterization but provide also quantitative results33,34. Further the distribution of 

rutile and anatase based on the quantification of every pixel in the EELSMODEL 

program is clearly presented, showing a shell consisting of anatase nanoparticles 

and a core of rutile bulk. Note that the thick center of the bulk prevents the EELS 

signal from passing through the very center of the bulk. However, it does not 

influence the result and conclusion because we can obtain the spectrum on the edge 

of core bulk and no signal can be detected from both sides of rutile and anatase. 

Similar EELS maps can be obtained from other samples with separated core and 

shell (Supporting Information Figure S1 and Figure S2). These EELS mapping 

results confirm the idea that the core bulk has the rutile structure while the shell 

nanoparticles are anatase. A similar EELS characterization has been performed on 

the other types of microspheres (Figure S2). The EELS spectra of the core part of 

these microspheres (zone1: hollow structure; zone2: foam-filled structure; zone3: 

foggy structure) demonstrate that the hollow and foam-filled microspheres are 

purely anatase, while the foggy microsphere consists of a mixture of rutile and 

anatase because some rutile bulks are buried in the core of the foggy microsphere. 
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One should not forget that all these characterizations are based on 2D projections 

of a 3D object. 3D characterization can be achieved through electron tomography, 

a technique in which several 2D projections are combined into a 3D reconstruction 

using a mathematical reconstruction algorithm.35 To obtain a 3D representation of 

the core-shell structure, HAADF-STEM electron tomography (Figure 3(c) and 

Video-Tomo in Supporting Information) was carried out on a core-shell type rutile-

anatase microsphere (Figure 3(c) inset). The corresponding volume reconstruction 

(Figure 3(c)) demonstrates a clear core-shell yolk structure, which is made up of a 

bulk core and a thin shell. To achieve a better visualization of this composite, 

ortho-slices are shown in Video-Tomo (see Supporting Information). The space 

between the core and the shell can be easily observed, indicating that the core is 

isolated from the shell with an ideal yolk structure. In agreement with the EELS 

study, the bulk inside the microsphere is the rutile phase, green in Figure 3(c), 

while the anatase phase of the shell is in orange.  

The results presented here clearly demonstrate that the microspheres fabricated via 

heterogeneous TiCl4 vapor hydrolysis show a yolk structure with a rutile core and 

an anatase shell. 
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Figure 3. (a) HAADF-STEM image of a typical rutile@anatase core@shell 

microsphere; (b) Titanium L2,3 core-loss EELS spectra acquired from the indicated 

areas shown in (a) compared to reference TiO2 polymorphs: rutile (green) and 

anatase (red) and from the different areas indicated in (a): zone1 (blue) and zone2 

(black); (d-f) EELS maps: (d) rutile (green), (e) anatase (red), and (f) rutile and 

anatase overlaid color map. (c) 3D tomographic reconstruction of another typical 

rutile@anatase core-shell microsphere, together with the corresponding HAADF-

STEM image (inset). 

 

In order to understand the formation mechanism of these different sphere types, we 

have to consider some basic features of the interaction process between gaseous 

TiCl4 and water aerosol droplets.  

It is known, that TiCl4 reacts intensively with water according to the net reaction:  

TiCl4(gas) + 2H2O(liquid) = TiO2(solid) + 4HCl(gas) 
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Such a stoichiometric reaction would lead to a 1.8 times decrease in the total 

volume of condensed substances (36 ml of liquid water would give 20 ml of solid 

TiO2). Taking into account that the hydrolysis process starts on the aerosol water-

air interface, forming a quasi-solid shell36, and that then TiCl4 diffuses inside the 

droplet, the final solid spheres cannot be formed because of a decrease in material 

volume, thus the resulting microspheres have to be hollow with Vshell = 0.55*Vsphere 

and a shell thickness htheor = 0.12*Dshell (see SI Figure S6).  

Among all the experimentally observed morphology types, only the hollow 

morphology can be accurately described in terms of sphere diameter (D) and shell 

thickness (h). The h/D ratio, calculated from the HAADF-STEM images (examples 

in Figure 2(a-h)), is shown at Figure 4(a).  

 

 

Figure 4. (a) Value of h/D for hollow spheres in samples obtained at urea 

concentration 1% and 10% and TiCl4 evaporator temperature 70oC; (b) value of 

Vsolid/Vtotal for two extreme microsphere’s morphologies – hollow and yolk. 

The maximum observed h/D value of 0.25 is much higher than the predicted value 

of 0.12; this is obviously caused by a shrinkage of the spheres during the solid 

product calcination in the hot furnace zone. To fulfill the h/D increase from 0.12 to 

0.25, the final diameter (Dfinal) of the shrunken spheres should be Dfinal=0.87*Dinitial 

(see SI Figure S7), which is quite reasonable taking into account the loss of 

chemically bonded water associated with the heat treatment. Moreover, for most of 

the hollow spheres, the value of h/D is in between 0.05 and 0.25, so that it can be 
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concluded that the microsphere formation process, in general, occurs under 

conditions of TiCl4 deficiency with respect to hydrolyzing solution droplets.   

In should be noted, that the T-piece tube connector (Figure 1(a)) used as a mixing 

unit in synthesis setup gives some inhomogeneity in flow mixing. Together with 

the inherent polydispersity of the ultrasonic aerosols it would lead to a variable 

amount of TiCl4 vapor corresponding to each droplet of water aerosol. Therefore, 

the aerosol droplets can react with a different concentration of TiCl4 vapor in 

different flow points, resulting in different morphologies.  

To corroborate the suggestion of the influence of the TiCl4 vapor concentration on 

the particle morphology, we calculated the relative value of the solid phase inside 

the microspheres – Vsolid/Vtotal - for two extreme morphologies – hollow and yolk –, 

as shown in Figure 4(b). The volume of the solid phase of the core in yolk particles 

is estimated (obviously with some overestimation) as the volume of spheres which 

would have the same maximum cross-sectional area as the area of the core itself.  

The Vsolid/Vtotal value is a merit of the total Ti4+ concentration in droplets and 

reflects the amount of TiCl4 vapor corresponding to a droplet of water aerosol. The 

Vsolid/Vtotal value is lower for the yolk spheres than for the hollow spheres, therefore 

it can be concluded that the yolk spheres are formed at lower TiCl4 concentration 

than the hollow spheres. 

Based on the obtained results, we suggest the following formation mechanism of 

spheres with a different morphology (Figure 5):  

a) A water droplet initially contacts with the TiCl4 vapor and the formation of a 

thin non-compact shell takes place on the water-air interface;  

b) At higher TiCl4 concentrations, TiCl4 diffuses rapidly through the initially 

formed thin shell inside the sphere, hydrolyses and deposits as TiO2·H2O on 

the inner surface of the shell, causing the formation of a thicker shell 

(preformed hollow spheres of TiO2·H2O). Coming closer to the hot zone of 
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the furnace, the preformed hollow spheres lose water and form hollow TiO2 

spheres. 

c) At lower TiCl4 concentrations, TiCl4 diffuses slowly through the shell inside 

the sphere and forms inside the droplets Ti4+ aqua complexes stabilized with 

HCl and urea molecules. Then, the solution of Ti4+ aqua complex inside the 

shell decomposes and forms in the hot zone a rutile core inside the thin shell 

of the yolk spheres; 

d) Hollow and yolk spheres shrink in the furnace about 13% due to the 

hydrated titania calcination and liberation of water. 

 

 

Figure 5. Suggested formation mechanism of spheres with different morphology 

The influence of synthesis conditions (urea concentration in hydrolyzing solution 

and TiCl4 evaporator temperature) on the relative occurrence of yolk spheres in the 

samples supports the proposed mechanism. A higher TiCl4 evaporation 

temperature, increased from 70 oC to 110 oC (meaning an increase of TiCl4 

concentration) leads to a decrease of the number of yolk spheres in the sample 

from 58% to 10% (a counting based on 300 microspheres). A decrease of urea 

concentration in the hydrolyzing solution from 10 mass.% to 1 mass.% (i.e. 

lowering the stabilization ability of the acidic solution inside the droplets) leads to 
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a decrease of the number of yolk spheres from 58% to 23% (a counting based on 

300 microspheres). Several HAADF-STEM images of this series of spheres are 

provided in supporting information (see SI Figure S4 and S5). The foam and foggy 

morphology types can possibly be explained as a transition state between hollow 

and yolk morphologies. 

The suggested mechanism, featured by TiCl4 templated hydrolysis on the aerosol 

water-air interface, represents a novel type of heterogeneous transformation 

accomplishing the known variants of yolk-shell microsphere formation, 

comprehensively discussed in a review by Liu et al.37 

 

3. Conclusions  

The new preparation technique introduces a one-step preparation of rutile@anatase 

core-shell microspheres with the yield around 58% using a simple experimental 

setup. Advanced TEM characterizations fully corroborate the rutile-core and 

anatase-shell in the yolk structured microspheres. The water-air interface during 

the synthesis plays a crucial role in the formation of microspheres with a yolk-shell 

morphology. A four-point mechanism of a crystalline rutile core formation in a 

spherical anatase shell is proposed based on a statistical analysis of the HAADF-

STEM images. The TiCl4 concentration and urea concentration in the hydrolyzing 

solution are found to be critical synthesis parameters influencing the yield of yolk 

spheres. Further engineering of the mixing unit and synthesis conditions are 

essential to increase the yield of core-shell particles.  

4. Experimental section  

Methods:  

The synthesis experimental setup is described in detail by Tarasov et al.20 The 

TiCl4 evaporator with liquid TiCl4 was preheated to 70 oC - 110 oC, the 

dependence of TiCl4 vapor pressure and concentration on temperature are shown 

on Figure S8. The heating zone of the tube furnace was preheated to 1000oC. 
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Characterization:  

XRD analyzes were performed using a Rigaku D/MAX 2500 diffractometer 

(Japan) with a rotating copper anode (CuKα irradiation, 5 – 90o 2θ range, 0.02o 

step). Diffraction maxima were indexed using the PDF-2 database. The coherent 

scattering area (CSA) sizes were calculated with the Sherrer equation. The 

quantitative phase composition of the obtained samples was determined by the 

normalized Reference Intensity Ratio (RIR) method. The morphology of the 

samples was studied by scanning electron microscopy Leo Supra 50VP (Germany). 

TEM, SAED, and HAADF-STEM were performed on a FEI Tecnai G2 

microscope operated at 200kV. STEM-EELS was performed on a FEI Titan 60-

300 “cubed” microscope fitted with an aberration-corrector for the probe forming 

mode, a monochromator, a GIF Quantum energy filter for spectroscopy, operated 

at 300 kV. 

Electron tomography experiments were performed on a FEI Tecnai Osiris 

microscope equipped with a -70° to +70° tomography tilt stage and holder, 

operated at 200kV. Images for tomographic reconstruction were taken using a 2° 

interval, over the largest possible tilting range (preferably 140°). Tomographic 

reconstruction was performed using the ASTRA Tomography Toolbox.38  
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