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Size engineered rutile sub-micron rods were obtained from nanostructured titania under acidic conditions. The synthesis was per-

formed by hydrothermal treatment starting from TiO2-P25 and HCl. The synthesis proceeds in less than two hours and can be up-

scaled to several grams in a one-pot reaction by increasing the reaction time. The product is single-phase, and the particles are 

single crystalline as confirmed by electron diffraction and powder X-ray diffraction analysis. The length of the particles can be 

varied over a wide range from 100 nm to 1.3 µm by changing the acid concentration. Particle growth is proposed to proceed by a 10 

dissolution-recrystallization process via soluble [TiCl6]
2- or partially hydrated/hydroxylated species. 

 

Introduction 

Titanium dioxide, TiO2, is one of the most widely used metal 

oxides with a broad range of applications including bio-15 

separation,1 sensors,2 energy storage,3 solar cells,4,5 catalysis and 

photocatalysis.6,7 It is abundant and cheap, chemically stable and 

non-toxic, while having a relatively high photocatalytic activity. 

Therefore, TiO2 has been studied intensively and used as a photo-

catalyst in both, fundamental research and practical applica-20 

tions,3,8-12 such as coatings for self-cleaning surfaces,13,14 as 

photocatalyst for water splitting,6,7,11,13 and as photoanodes in 

dye-sensitized solar cells.4,5,13,14 

TiO2 is polymorph, exhibiting the crystal structures of rutile, 

anatase, and brookite. Rutile is the only stable phase in the phase 25 

diagram. Anatase and brookite are metastable, yet. Banfield and 

co-workers15-17 investigated the phase stability of TiO2 as a func-

tion of its particle size and demonstrated that rutile as a bulk 

material is more stable than anatase, whereas a crossover in sta-

bility to anatase occurs for particle sizes smaller than 14 nm due 30 

to the surface energy contribution.15-18 Furthermore, initial size 

effects are crucial for the transformation behavior of a mixture of 

anatase (5.1 nm) and brookite particles (8.1 nm). In a first step, 

anatase transforms to brookite and/or rutile, and eventually sin-

gle-phase rutile is formed.19 Wet chemical preparation methods 35 

for TiO2 generally favor the formation of anatase.19-22 Therefore, 

anatase nanoparticles can easily be made. Brookite is more diffi-

cult to synthesize, therefore, it has no important industrial appli-

cations so far.  

Structural stability is typically rationalized based on a molecular 40 

picture, where the nucleation and growth of the different TiO2 

polymorphs are determined by the precursor chemistry, i.e. the 

reactants.23–29 However, the kinetics of particle formation is 

related to the broad variety of experimental conditions used for 

the synthesis of the different TiO2 phases, which makes a com-45 

parison of formation mechanisms difficult.  

The materials properties of TiO2 nanoparticles are a function of 

crystal structure, nanoparticle size, and morphology, and, there-

fore, strongly dependent on the method of synthesis.20,21,30-32 Wet 

chemical approaches use high boiling organic solvents with 50 

detergents, such as SDS and CTAB, to acquire control over size 

and morphology. Anatase nanoparticles have been made from 

aqueous solution starting from titanium alkoxide precursors, 

where single phase anatase nanoparticles with diameters ranging 

from 6–30 nm were formed under acidic and basic conditions.33 55 

In strong acids the product usually contained a large fraction of 

brookite nanoparticles.34,35 Larger anatase particles are difficult to 

prepare because of the phase transformation to rutile due to the 

surface to bulk energy ratio. Single-phase brookite particles (0.3–

1 μm) have been prepared by hydrothermal treatment of amor-60 

phous titania in NaOH.36 The mechanism is related to the for-

mation of sodium titanate,37-44 which subsequently transforms to 

TiO2. Brookite nanoparticles in the size range of 5–10 nm were 

obtained by thermolysis of TiCl4 in aqueous HCl,29 where the 

phase composition of the reaction product was dependent on the 65 

Ti/Cl ratio. Phase mixtures with a brookite content of 80% could 

be obtained for Ti/Cl ratios of 17-35. The brookite nanoparticles 

could be separated by selective precipitation of rutile. For higher 

Ti/Cl ratios, pure rutile particles were obtained. Phase-pure rutile 

nanoparticles have been prepared from TiCl4 or TiCl3 in HCl or 70 

from titanium isopropoxide in nitric acid.26,27,45,46 Recently, syn-

thesis methods for the three phases have been compared to de-

termine the effect of crystal structure on the physical proper-

ties.28,47 An understanding of the key parameters that determine 

phase selection and crystal growth is crucial for a successful 75 

technological application of TiO2.  

Here, we present a fast and facile one-pot synthesis of rutile sub-

micron rods using a microwave-assisted hydrothermal treatment 

procedure. These particles are single crystalline; moreover, it was 

also possible to tune the length of the rods by adjusting the acid 80 

concentration. The approach using a microwave-assisted hydro-

thermal treatment was utilized to gain insight into the growth of 

the rutile rods, to identify the driving force behind their formation 
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and to propose a plausible reaction mechanism. Compared to 

conventional hydrothermal reactions in stainless steel autoclaves, 

microwave-assisted reactions offer several advantages, such as 

rapid heating due to a direct response of the solvent to micro-

waves and short cooling cycles due to the lower heat capacity of 5 

the reaction vessel. Owing to the fast cooling time, it is possible 

to quench the reaction to take "snapshots" of the reaction inter-

mediates by an ex-situ structural investigation in order to gain 

mechanistic (i.e. morphological, chemical and crystallographic) 

information. Another advantage of the microwave-assisted reac-10 

tion are short reaction times of 1-2 h44,48 compared to convention-

al hydrothermal reactions that require typically 24 h or more.37-

42,49-51 The resulting sub-micron rutile rods are suitable for vari-

ous applications such as photocatalysis and electrodes for dye-

sensitized solar cells. 15 

Experimental  

Materials. All materials were used as received without any fur-

ther purification. TiO2-P25 nanoparticles were purchased from 

Degussa. Aqueous HCl solutions of various concentrations were 

made by dilution of conc. HCl (≥37%, Fluka, analytical grade) 20 

with MilliQ-water (18.2 MΩ/cm). Ethanol (p.A.) was purchased 

from VWR. HBr (48% aqueous solution) and HI (57% aqueous 

solution with 1.5% hypophosphoric acid) were purchased from 

ABCR. 

Synthesis. The microwave-assisted hydrothermal treatment was 25 

carried out using a MARS5 digestion system (CEM Corporation), 

equipped with XP1500 high pressure vessels and pressure con-

trol. The reaction was also carried out in stainless steel autoclaves 

with 50 mL Teflon inlays (Berghoff Corporation). In a standard 

reaction, 500 mg TiO2-P25 were mixed with 6 M HCl (10 mL 30 

MilliQ-water and 10 mL of conc. HCl). For a synthesis in a mi-

crowave-assisted reaction system, the mixture was ramped up to 

30 bar over 10 min with a maximal power of 1600 W, and held at 

30 bar for 90 min. After the reaction was completed, it was 

cooled down to room temperature over 30 min. Alternatively, the 35 

reaction was carried out in a stainless steel autoclave for 12 h at a 

temperature of 220°C, and cooled down afterwards. The reaction 

mixture was centrifuged, the supernatant was discarded, and the 

solid was rinsed repeatedly with water and ethanol until the solu-

tion was neutral. Afterwards, the residue was dried overnight at 40 

70°C.  

Characterization 

Electron microscopy. Sub-micron TiO2 rods were characterized 

by (high angle annular dark field) transmission electron micros-

copy (HAADF TEM) and low-resolution transmission electron 45 

microscopy (TEM). A Philips EM 420 instrument with an accel-

eration voltage of 120 kV and LaB6 cathode was used for low-

resolution TEM images. HAADF TEM images and electron 

diffraction patterns were recorded with a HR FEI Tecnai F30 S-

Twin using an accelerating voltage of 300 kV with a field emis-50 

sion gun. For preparation, the samples were dispersed in ethanol 

and dropped on a carbon-coated copper grid. 

X-ray diffraction. X-ray diffraction patterns were recorded using 

a Siemens D5000 diffractometer equipped with a Braun M50 

position sensitive detector in transmission mode using Ge (200) 55 

monochromatized CuKα radiation. Crystalline phases were identi-

fied according to the PDF-2database. Diffraction data were mod-

eled by Rietveld refinements using TOPAS Academic V5 apply-

ing the fundamental parameter approach.52,53 

Results and Discussion 60 

Crystal phase evolution  

Our study was conducted by fast hydrothermal treatment in a 

microwave-assisted pressurized vessel. For instance, 500 mg of 

single crystalline sub-micron rutile rods were produced easily in 

90 min, and higher yields are easily achievable by extending the 65 

reaction time, with no further adjustments necessary. A 4-hour 

reaction, for example, yields 5 g of product. All reactions we 

refer to in the following yielded 500 mg of product, as reaction 

times and velocities are dependent on the yield of the reaction. 

The powder X-ray diffraction (PXRD) patterns in Figure 1a show 70 

that after 90 min reaction time, subsequent to 10 min ramping up 

to a pressure of 30 bar, rutile is the only crystalline phase with 

minor impurities of anatase (<3 (5) wt%) according to the PXRD 

pattern. The crystallite sizes of the rutile phase were determined 

as 221 (6) nm in length and 112 (1) nm in width. 75 

 

 

Figure 1. Rietveld refinement (black line) of the X-ray powder diffraction 

data (red dots) and residuum (red line) for samples obtained after hydro-

thermal treatment of TiO2-P25 after a) 90 min, b) 15 min, and c) 0 min 80 

heating time subsequent to 10 min ramping time to a pressure of 30 bar. 

The black and red ticks mark the reflections for rutile and anatase, respec-

tively. Graphical insets show the heating profiles. 
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We took “snapshots” (by fast quenching) of the reaction at differ-

ent stages. The starting material TiO2-P25 was a mixture of ana-

tase and rutile (see Figure S1). The time frame of the reaction 

was determined to 90 min by quenching the reaction at different 

reaction durations and set to the point of time when no precursor 5 

was detectable any more by X-ray diffraction and TEM. The 

phase composition and the crystallite sizes of the reaction prod-

ucts and intermediates were determined by Rietveld refinements. 

X-ray powder diffraction patterns of reaction intermediates taken 

after time intervals of 0 and 15 min show that the precursor mate-10 

rial was depleted during the reaction, as indicated by the vanish-

ing fraction of anatase, in agreement with the results of the TEM 

analysis (TEM snapshots in Figure S2a,b). Figure 1 shows 

Rietveld refinements of PXRD data of the reaction stopped after 

different reaction times. A comparison of the data of the reaction 15 

interrupted directly (Figure 1c) after ramping to 30 bar as well as 

after 15 min (Figure 1b) to the data of a completed reaction after 

90 min (Figure 1a) clearly shows that no precursor remains as 

confirmed via TEM. At the beginning of the reaction (directly 

after the ramping), the mixture contained 36 (1) wt% rutile with a 20 

crystallite size of 84 (1) nm. Within the first 15 min of the reac-

tion, the rutile fraction increased to 60 (2) wt%. After 90 min, the 

transformation to rutile was virtually complete (96 (5) wt%, 

crystallite size 196 (45) nm) with traces of anatase (3.5 (5) wt%). 

Longer reaction times did not lead to changes in phase composi-25 

tion (based on X-ray data), but showed particle growth via aggre-

gated alignment (Figure 2c + d). 

 

Figure 2. TEM-images of sub-micron rutile rods. a) Overview after 90 

min reaction time using 6 M HCl and microwave-assisted hydrothermal 30 

treatment, b) close-up image of a tip, c) alternative reaction route using 6 

M HCl and steel autoclaves, treatment duration 12 h, the particles show 

already alignment next to each other along their long axis, and d) also 

using the alternative reaction route via a steel autoclave, 6 M HCl and 24 

h reaction time, showing coalescence of particles (bottom right) 35 

Particle size and morphology 

During the reaction, the size and morphology of the rods changed 

in a systematic manner: TEM images of the reaction product 

(Figure 2) show the formation of faceted particles with lengths 

ranging from 100 to 400 nm. The average length of the particles 40 

fits well to that determined by XRD. The polydispersity of the 

particles indicates that nucleation occurs continuously during the 

reaction. All particles have a uniform shape; a regular growth of 

contact twins was observed, the contact angles of all twins being 

identical. 45 

The concentration of the acid has a large effect on the size distri-

bution of the resulting particles: As the rods are not monodis-

perse, the size range is given in the sequel. For a reaction of 90 

min in 6 M HCl sub-micron rods with lengths ranging from 100 

to 400 nm were formed (Figure 3b). With decreasing HCl con-50 

centration the length of the rods decreases, the reaction rate de-

creases, and - as a result - the reaction time increases. In 3 M HCl 

the particle length dropped to 80 - 150 nm (Figure 3a), whereas 

12 M HCl (conc.) yielded particles with lengths up to 500 nm to 

1.3 µm (Figure 3c). However, the particles shown in this image 55 

do not exhibit well-defined facets. 

 

Figure 3. TEM images of TiO2 rods of different lengths controlled by 

varied acid concentrations: a) 80 - 120 nm rods using 3 M HCl, b) 100 - 

400 nm using 6 M HCl, and c) 500 nm – 1.3µm using conc. HCl (12 M). 60 

 

Figure 4. HAADF TEM image of a sub-micron TiO2 rod (bottom left) 

and nano-electron diffraction of the shaft (top right) and both tips of the 

rod (top left, bottom right). 

Figure 4 shows a close up HAADF TEM image of a sub-micron 65 

TiO2 rod. Clear facets could be identified. The rod is single crys-
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talline, as demonstrated by nano-electron diffraction at the shaft 

and both tips of the rod. The growth direction of the rod could be 

determined to be [110] by measuring the distance in between the 

lattice planes. 

Growth mechanism model 5 

The TEM images in Figure 2c and d show particles after a com-

plete reaction (90 min microwave hydrothermal treatment or 12 h 

using a steel autoclave, respectively) and after a double reaction 

time (180 min or 24 h, respectively). It appears that rods, after the 

precursor was consumed, coalign (Figure 2c) and merge (Figure 10 

2d) with time in the reaction medium. However, the pathway by 

which oriented attachment occurs is difficult to establish. Alt-

hough the preservation of primary particle morphology and the 

formation of twins and stacking faults at particle-particle bounda-

ries strongly suggest a sequence of whole-particle alignment 15 

followed by interface elimination,26,54 atom-by-atom reorientation 

via dislocation and grain-boundary migration after attachment 

may be another potential mechanism.55  

In order to elucidate the driving forces behind the growth process 

we varied the reaction parameters. (i) When HCl was replaced by 20 

sulfuric acid, phosphoric or nitric acid with adjusted Cl- concen-

trations, no TiO2 rutile rods were formed. A possible reason for 

this could be that these other acids do not aid the dissolution of 

the TiO2-P25 precursor. Additionally, it was shown by Wu et 

al.35 that in H2SO4 anatase grows preferentially due to the strong 25 

stabilization of the positively charged TiO2 surface by SO4
2-, 

whereas weakly coordination NO3
- does not lead to a preference 

in crystal growth. In a similar manner HCl is assumed to facilitate 

the formation of rutile. Performing a hydrothermal treatment in 

pH neutral media with adjusted Cl- concentration did not lead to 30 

any change in phase or morphology, whereas using NaOH can 

lead to the formation of anatase or sodium titanates depending on 

the experimental conditions.37,44,56 (ii) In contrast, when the reac-

tions were carried out in HBr and HI (Figure S3a,b), sub-micron 

rutile rods were formed in an analogous manner. This indicates 35 

that [TiX6]
2- halogentitanate-anions (X= Cl-, Br-, I-) or related 

hydrated/hydroxylated species could be involved as intermediates 

in a dissolution and growth transport mechanism.57 Surprisingly, 

we did not observe the growth of rutile rods in HF or NH4F solu-

tion. We assume that in the various reactions either the fluoride 40 

concentration was too low for TiF6
2- to form or that the solubility 

of the hexafluoro anion in the acidic solution was too high to 

allow a “chemical transport reaction” to proceed. HCl, HBr, or HI 

seems to act as mineralizers that aid the solubilization of the 

nutrient solid and, thereby, facilitate the transport of the insoluble 45 

TiO2 “nutrient” to a seed crystal via a reversible transport reac-

tion. Over time, the seed nanocrystals accumulate the material 

that was before in the nutrient and, therefore, keep growing. 

Many hydrothermal reactions involve the crystallization of solids 

as the properties of solvents under subcritical conditions may 50 

undergo dramatic changes.58,59 Attempts to demonstrate the pres-

ence of intermediate species by Raman, infrared (IR) or as UV-

VIS spectroscopy were not successful. We was also attempted to 

crystallize the intermediate species by adding sterically demand-

ing cations, but without effect. In situ measurements (pH=0, 30 55 

bar) might be useful in this respect, because the growth of rutile 

rods starting from TiO2-P25 in boiling HCl under normal pres-

sure was not possible and no intermediate (that could have been 

extracted) was present. 

Starting from soluble precursors like TiCl4 and Ti(OBu)4 enables 60 

the formation of anisotropic rutile particles at lower temperatures, 

starting at 40°C.60,61,46 Such reactions were performed under 

normal conditions and enable the possibility of in situ measure-

ments. Starting from soluble Ti precursors Yin et al. proposed a 

growth via [Ti(OH)nCl6-n]
2- anions (n increasing with HCl con-65 

centration).27 The hydrolysis of TiCl4 at 40-70°C in aqueous HCl 

to [Ti(OH)nCl6-n]
2- might explain why intermediate species could 

not be detected.27,46,60,61 Based on chemical analogy of Ti4+ and 

Sn4+ we attempted the growth of SnO2 nanorods, where the corre-

sponding (more stable) [SnCl6]
2- intermediates could in fact be 70 

demonstrated by precipitation with a sterically demanding (and 

weakly interacting) tetraphenylphosphonium cation. The x-ray 

diffraction pattern of this chlorostannate intermediate is shown in 

Figure S4. The x-ray diffraction pattern exhibits a large number 

of reflections due to the presence of several different chlorostan-75 

nates. Yet, the most prominent reflections of (Ph)4P[SnCl5(H2O)] 

are clearly observed as shown by a Pawley fit based on the avail-

able structure data.62 This finding supports the hypothesis that 

chlorotitanate intermediates play a critical role in the growth of 

TiO2 nanocrystals (as proposed by Yin et al.27). The advantage of 80 

TiO2-P25 or colloidal rutile63,64 (rather than from rather than from 

humidity-sensitive and costly soluble Ti precursors) is that it is 

stable and inexpensive. Therefore other solid precursors (pure 

anatase and rutile) were tested to identify the driving force behind 

the formation of the rods. Bulk precursors (micron-sized parti-85 

cles) did not show any reactivity, presumably because their lattice 

energy was too high. Rutile nanoparticles (≈ 30 nm), obtained 

from TiO2-P25 by ball milling, did not show a significant reactiv-

ity either, whereas anatase nanoparticles (≈ 15 nm) easily 

transformed to rutile. Calculations by Curtiss and Banard60 re-90 

vealed a crossover of the thermodynamic stability for TiO2 

caused by different surface and crystallization energies for rutile 

and anatase. Below a critical size, anatase becomes more stable 

than rutile due to its lower surface energy. The surface energy is 

highly dependent on the surrounding medium as demonstrated by 95 

the formation of rutile nanorods in the presence of 3-

hydroxytyramine ligands.65,66 For hydrogen-rich surfaces, Banard 

and Curtiss60 calculated the crossover at a particle size of 18.4 nm 

at ambient temperature. The critical size, however, decreases 

dramatically with increasing temperature. This finding may ex-100 

plain the lack in reactivity of well-crystallized rutile nanoparticles 

under strongly acidic conditions: Rutile is the most stable phase. 

In contrast, the stability of anatase decreases with increasing 

temperature. As a result, the transformation to rutile rods be-

comes favorable. Banard and Curtiss60 also rationalize the differ-105 

ent reactivity of the nanoparticular precursors based on their 

instability and subsequent dissolution. The rutile rods assemble 

because at high H+ concentration the TiO2 surfaces are positively 

charged,46,61 which facilitates rutile growth.  

For TiO2-P25 we assume that the rutile particles are highly defec-110 

tive, and, hence, show a significant reactivity under the given 

experimental conditions. The combination of (i) precursor insta-

bility, (ii) surface stabilization of the product and (iii) enhanced 

atom mobility through the formation of soluble intermediates in 
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the acidic HCl medium appears to be responsible for the for-

mation the rutile particles. 

Conclusions 

We have reported and mechanistically rationalized the synthesis 

of single crystalline sub-micron rutile rods from stable solid 5 

precursors in a microwave-assisted hydrothermal reaction. All 

previously reported syntheses of unfunctionalized rutile particles 

start from air sensitive or expensive precursors, such as titanium 

tetrachloride or titanium tetrabutoxide. The single crystalline rods 

were analyzed by PXRD and HAADF/TEM. The size of the 10 

particles may be controlled by varying the HCl concentration. 

The growth of sub-micron rods may be rationalized based on the 

interplay between the precursor instability due to size and crystal-

linity, atom mobility be complex formation and surface stabiliza-

tion by the reaction medium, i.e. the crystallization of rutile rods 15 

was promoted by the acidic medium and the Cl- anion. In analogy 

to chlorostannate intermediates observed during the formation of 

SnO2 we assume soluble [Ti(OH)nCl6-n]
2- intermediates to act as 

mineralizers by enhancing atom mobility at the particle surfac-

es.67,68  20 
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