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Abstract The effect that the phase of the starting nano-

seed titania (TiO2), the pH of the solvent solution, and the

processing methodology employed have on the properties

of the resultant TiO2 nanomaterials were explored. This led

to the development of a new process to produce large-

scale, phase pure, thin nanowires of TiO2 at high pH and

nanosquares at low pH. Anatase, rutile, and Degussa

P25TM TiO2 nanoparticle starting materials (or nanoseeds)

were processed in strongly basic (10 M KOH) and strongly

acidic (conc. HX, where X = Cl, Br, I) solutions using

solvothermal (SOLVO) and solution precipitation (SPPT)

methodologies. Under basic SOLVO conditions, the

nanoseeds were converted to H2Ti2O5�H2O nanowires. The

SPPT basic conditions also produced the same phased

nanowires for the rutile and anatase nanoseeds, while the

Degussa nanomaterial yielded mixed phased [anatase:rutile

(9:1)] nanowires. The SPPT method was found to produce

substantially thinner nanowires in comparison to the

SOLVO route, with comparable surface areas but the

strong basic media led to etching of the glassware yielding

HK3Ti4O4(SiO4)3�4H2O nanorods. Hybridization of these

two processing routes led to the use of NalgeneTM bottle as

the reaction flask termed the hybrid (HYBR) route, yield-

ing even thinner H2Ti2O5�H2O nanowires on a large-scale.

Switching to a concentrated halide acid (HX, where

X = Cl, Br, I) system, SOLVO, SPPT, and HYBR routes

were investigated. The resultant TEM images revealed that

the rutile starting material yielded short rods, whereas the

anatase seeds formed square or faceted materials.

Introduction

Controlling the morphology of TiO2 nanomaterials is a

highly active area of research. In particular, there is an

emphasis on the development of nano-wires, nano-rods, and

nano-tubes [1–28] for use in such varied applications [1–40]

as photovoltaics, bioceramics, sensors, catalysis, and lith-

ium ion batteries. The majority of these TiO2 nanomaterials

have been generated either from the processing of TiO2

nanopowders [1–13, 23] or in situ decomposition of tita-

nium alkoxide [Ti(OR)4] [14–22] precursors in highly

concentrated aqueous basic solutions; however, acidic

systems have been preliminarily explored, too [14, 18, 20–

22, 24–28]. One of the fundamental concepts in the devel-

opment of these controlled shaped nanomaterials is that

select growth planes can be promoted or poisoned by

changing the surface chemistry of the growth nuclei [23],

which leads to asymmetric growth. This change is often

easily accomplished by altering the pH of the growth media,

which led us to investigate the morphological variations of

nano-TiO2 at extreme pH conditions.
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Our interest in these systems stems from the need for a

simple, high yield, large-scale procedure that produces

morphologically varied nanoscale TiO2 that will be used as

fillers in nanocomposite materials. Nanofillers have been

shown to improve the properties of the original matrix that

are not achievable with larger particles [41–44], However,

it has also been demonstrated that simply mixing nano-

scaled particles into a matrix does not automatically result

in the enhanced properties, since the nanofillers are not

necessarily distributed in an isotropic manner [41–44].

Morphologically varied nanoparticles are being explored as

a means to minimize this problem. Therefore, the first

critical step is to generate controlled nanoparticles on a

larger scale than is currently available.

This report details the synthesis of TiO2 nanomaterials

from commercially available TiO2 nanopowders (anatase,

rutile, and Degussa P25TM-termed Degussa) at extreme pH

conditions: high (10 M KOH) and low (conc. HX where

X = Cl, Br, I) and our efforts to produce these on a larger

scale than currently available. As the growth mechanisms are

thought to originate off the nanoparticles [1–28], these

starting TiO2 nanopowders are, therefore, referred to as

‘‘nanoseeds.’’ For the initial investigation, an established

KOH solvothermal (SOLVO) methodology to TiO2 nano-

wires was initially extended to a solution precipitation

(SPPT) route and ultimately to a hybrid (HYBR) process that

allows for the necessary large-scale synthesis. Relatively

unexplored concentrated halide acid (HX, where X = Cl,

Br, I) routes were also investigated to determine the different

morphologies available for these low pH solution processes.

This reports details the resultant morphologies observed for

the phase, solution media, and processing routes employed.

Experimental section

The following chemicals were obtained from Aldrich and

used without purification unless otherwise noted: TiO2

nanomaterials (anatase, rutile, and Degussa), KOH, (conc.)

HX (X = Cl (37%), I (55%)). HBr (48%) was obtained

from Fluka.

Nanoparticle synthesis

Three routes were used to generate the TiO2 nanomaterials

of interest: (i) SOLVO, (ii) SPPT, and (iii) HYBR. The

general route for each is outlined below for the basic and

acidic route. All water (H2O) used was deionized.

Basic

(i) SOLVO. The desired nanoseed precursor (0.200 g,

2.50 mmol) was added to a 10 M (aq.) KOH solution

(30 mL) and sealed in a TeflonTM lined Parr digestion bomb.

The reaction was heated to 185 �C for 7 days. After this time,

the bomb was allowed to cool to room temperature. The

powder was separated from the mother liquor by centrifu-

gation and washed thrice with water. The final powder was

re-dispersed in water and the pH adjusted by (aq.) HCl (30%)

until neutralized. The powder was then collected by centri-

fugation, washed with water (to remove KCl), and dried

thoroughly to obtain dried TiO2 powder. Starting materials

(Yields g, %, color): Degussa (0.107 g, 54%, white), anatase

(0.179 g, 90%, white), rutile (0.148 g, 74%, white). (ii)

SPPT. TiO2 (3.00 g, 37.5 mmol) was added to a stirring

solution of 10 M (aq.) KOH (400 mL) in a glass round

bottom flask. After heating at reflux for 3 days, the reaction

was allowed to cool to room temperature and the resulting

powder isolated as discussed above for the SOLVO route.

Yields (g, %, color): Degussa (1.11 g, 37%, white), anatase

(1.90 g, 63%, white), rutile (0.678 g, 23%, white). (iii)

HYBR. A rutile TiO2 sample (7.50 g, 9.38 mmol) was sus-

pended in 10 M (aq.) KOH (*500 mL volume held con-

stant) in a 1-L NalgeneTM (polymethylpentene) bottle and

heated for 3 days at 125 �C inside an oven with the cap

loosely screwed onto prevent pressure build up. Additional

water was added every 12 h to maintain the original volume

level. After heating for 3 days, the reaction was allowed to

cool to room temperature and the resulting powder isolated

as discussed above for the SOLVO route. Yield (g, %, color):

4.94 g, 66%, white. Larger amounts were prepared by run-

ning several reactions side by side in the oven.

Acidic

(i) SOLVO. Rutile TiO2 (0.200 g, 2.50 mmol) nanoseeds

were added to 10 mL of DI H2O in a TeflonTM sleeve of a

ParrTM digestion bomb, followed by 10 mL of the desired

conc. HX (X = Cl, Br, I). The reaction was sealed and then

heated at 225 �C for 24 h. After this time, the reaction was

allowed to cool to room temperature, the precipitate sep-

arated from the mother liquor by centrifugation, and

washed thrice with DI water. The resulting powder was

dried thoroughly in an oven at 130 �C. Yields (g, %, color):

HCl (0.20 g, 100%, pale green), HBr (0.22 g, 110%,

orange), and HI (0.25 g, 125%, pale brown). The more than

theoretical yields noted here and below were attributed to

the presence of residual H2O. (ii) SPPT. Anatase TiO2

(0.300 g, 3.75 mmol) was added to a stirring solution of

10 mL of conc. HX and 10 mL of water in a round bottom

flask with a reflux condensor attached. After heating at

reflux for 3 days under an argon atmosphere, the reaction

was allowed to cool to room temperature and the resulting

powder isolated as discussed above for the SOLVO route.

Yields (g, %, color): HCl (0.426 g, 142%, off-white), HBr

(0.258 g, 86%, white), and HI (0.338 g, 113%, yellow).
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(iii) HYBR. A sample of rutile (0.200 g, 2.50 mmol) or

anatase (0.200 g, 2.50 mmol) was suspended in a 1:1

mixture of HX:H2O (*20 mL volume held constant) in a

250 mL NalgeneTM (polymethylpentene) bottle and heated

for 1 day at 125 �C inside an oven with the cap loosely

screwed onto prevent pressure build up. Water was added

at 12 h to maintain the original volume level. After heating,

the reaction was allowed to cool to room temperature and

the resulting powder isolated as discussed above. Yields

(g, %, color): anatase: HCl (0.191 g, 96%, beige), HBr

(0.010 g, 5%, beige), and HI (0.005 g, 3%, white); rutile

HCl (0.175 g, 88%, beige), HBr (0.144 g, 72%, beige), and

HI (0.088 g, 44%, orange).

Characterization

Powder X-ray diffraction (PXRD)

Dried and washed powders were mounted directly onto a Si

zero background holder purchased from the Gem Dugout.

Phase identification for the nanoscale materials was deter-

mined PXRD patterns collected on a PANalytical powder

diffractometer employing Cu Ka radiation (1.5406 Å) and a

RTMS X’Celerator detector. Samples were scanned at a

rate of 0.02�/2 s in the 2h range of 10�–100�. Patterns were

analyzed using the Jade Software Program [45].

Brunauer–Emmett–Teller (BET) surface area analysis

N2 adsorption/desorption on*100–200 mg of a sample was

measured using a Micrometrics ASAP 2020 sorptometer.

Transmission electron microscopy (TEM)

An aliquot of the TiO2 nanopowder dispersed in methanol

was placed directly onto a holey carbon type-A, 300 mesh,

copper TEM grid purchased from Ted Pella, Inc. The ali-

quot was then allowed to dry. The resultant particles were

studied using one of two instruments: the Philips CM 30

TEM with the Thermo Noran System Six Energy Disper-

sive X-ray (EDX) System or the FEI Tecnai TF30 TEM/

STEM with the EDAX EDX System, both operating at

300 kV accelerating voltage.

Scanning electron microscopy (SEM)

The samples were dispersed onto carbon tape and sputter

coated with gold–palladium. Samples were imaged using a

Zeiss Supra 55VP field emitter gun scanning electron

microscope (FEGSEM). A Noran EDS detector and Noran

System Six software was used for the acquisition of EDS

spectra.

Discussion and results

The exploration of the large-scale production of complex

nanomaterials grown from TiO2 nanoseeds under extreme

pH conditions was performed using 10 M (aq.) KOH (high)

and concentrated (aq.) HX (low) as solvents. Tables 1 and 2

summarize the results. Initially the starting powders used

were characterized by TEM and PXRD to establish a

baseline of size, morphology, and purity. As can be

observed in Fig. 1, the Degussa materials were random

spherical nanomaterials 10–50 nm in size and composed of

a mixture of *9:1 anatase (JCPDS card No. 00-21-1272):

rutile (JCPDS card No. 00-21-1276). In contrast, the

Aldrich anatase or rutile nanomaterials were found to be

phase pure dots ([10 nm) or whiskers, respectively, of

varied nanometer dimensions. These TiO2 nanoseeds were

used without further modifications.

High pH

As mentioned, there are numerous routes for the production

of TiO2 nanowires using high pH solvent systems [1–23];

however, the majority of these routes involve hydrothermal

syntheses in a Parr digestion bomb, which severely limits

the amount of material that can be generated (typically

*200–500 mg for a 50 mL scaled reaction). We became

interested in the route reported by Tian et al. [12, 13] to

produce high aspect ratio TiO2-B nanowires from the

treatment of nanotitania (Degussa—a mixture of anatase

and rutile, see Fig. 1a) with 10 M KOH in a Parr digestion

bomb for 7 days.

SOLVO synthesis

Initial efforts focused on reproducing the SOLVO route

[12, 13]. As the DeGussa starting material was mixed

phase, determining the role that the starting TiO2 nano-

seed phase had on the final nanowire phase became a

critical issue. Dugussa TiO2 nanomaterials were sus-

pended in 10 M KOH and heated for 7 days in a Parr

Digestion bomb. The resultant TiO2 nanowires isolated

were initially indexed to TiO2-B phase [46] (JCPDS card

No.: 00-046-1238); however, further analysis indicated a

slightly better fit was obtained for H2Ti2O5�H2O (JCPDS

card No.:00-47-0124). Previous work by Sugita et al.

indicates that the hydroxide phase can be formed as a

product of hydrothermal synthesis [47]; whereas, Tian

et al. report their initial materials adopted a titanate phase

(JCPDS card No.: 47-0561), which was after high tem-

perature treatment converted to the TiO2-B phase [46]

(JCPDS card No.: 00-046-1238). Based on these results,

the nanowires were tentatively identified as H2Ti2O5�H2O,

but further work is necessary to fully identify this phase.
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Figure 2 shows the TEM images obtained for these

materials. As can be observed, the nanowires had a

similar diameter as the starting nanoseed with an aspect

ratio approaching 10. Further studies using the Aldrich

anatase (10–25 nm dots in diameter, Fig. 1b) or rutile

(10–25 nm diameter whiskers, Fig. 1c) nano-TiO2 mate-

rials under identical conditions, yielded similar phased

nanowires as determined by powder X-ray diffraction

(PXRD) and TEM analyses (see Fig. 2b–c). The Degussa

nanowires had a PXRD pattern that was much sharper

Table 1 Comparison of the TiO2 nanomaterial generated by 10 M KOH following SOLVO, SPPT, and HYBR routes

Degussa Anatase Rutile

Starting material

Phase 90% anatase

10% rutile

100% anatase 100% rutile

Morphology Dots Dots Whiskers

Surface area (m2/g) 46 128 202

SOLVO

Final phase H2Ti2O5�H2O H2Ti2O5�H2O H2Ti2O5�H2O

Morphology Wires/particles Wires Wires

Aspect ratio 44 wires

Particles (37 nm)

27 53

Surface area (m2/g) 146 394 497

SPPT

Final phase Anatase/rutile H2Ti2O5�H2O H2Ti2O5�H2O

Morphology Wires/particles Wires Wires

Aspect ratio 54 wires

Particles (45 nm)

47 82

Surface area (m2/g) 164 354 361

HYBR

Final phase – – H2Ti2O5�H2O

Morphology – – Wires

Aspect ratio – – 95

Surface area (m2/g) – – 72

–, Data not obtained

Table 2 Comparison of the TiO2 nanomaterial generated by HX following SOLVO, SPPT, and HYBR routes

ACID HCl HBr HI

SOLVO

Final phase Anatase Rutile Anatase Rutile Anatase Rutile

Morphology Square Rod Square Rod Square Rod

Aspect ratio – 5 – 3 – 3

Surface area (m2/g) – 58 – 101 – 94

SPPT

Final phase Anatase Rutile Anatase Rutile Anatase Rutile

Morphology Particles Particles Particles Particles Particles Particles

Surface area (m2/g) 136 – 127 – 131 –

HYBR

Final phase Anatase Rutile Anatase Rutile Anatase Rutile

Morphology Particles Rods Particles Rods Particles Rods

Aspect ratio – 5 – 5 – 5

Surface area (m2/g) 119 197 233 212 – 222

–, Data not obtained
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than the other two samples. Again, the diameter of the

nanowire was essentially the same as the starting nano-

particle. BET adsorption analyses (Table 1) gave surface

areas of 46, 128, and 202 m2/g for the starting nanoseeds

from the Degussa, anatase, and rutile, respectively, which

generated nanowires with 146, 394, and 497 m2/g surface

areas. There is a significant increase in the final surface

areas present after growing the wires. Furthermore, rutile

nanoseeds appear to generate the highest surface area

nanowires under the conditions employed.

A temporal study of the morphological changes that

occurred in this reaction was undertaken over a 7-day

period at 24 h intervals from seven identical reaction

setups. TEM images indicate that nanowires formed

within 24 h with no further morphological changes noted.

Upon further heating, the nanowires were found to

remain amorphous until [3 days had elapsed. Upon

crystallization, the thermodynamically favored nano-

wires formed independent of the phase of the starting

material.
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Fig. 1 (i) TEM and (ii) PXRD patterns of starting materials a Degussa, b anatase, c rutile
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SPPT synthesis

Nanowires were rapidly formed from the SOLVO routes

and this led to the possibility of using solution precipitation

(SPPT) route. SPPT routes were of interest since large

amounts (50–100 g) of the nanorods required for sub-

sequent nanocomposites studies could be generated under

batch-like processing methodologies. One report of a

solution precipitation (SPPT) route for the production of

TiO2 nanowires is available, where Daoud and Pang report

on the formation of anatase and TiO2-B nanowires from

TiO2 nanotubes (prepared from anatase nanopowders in

10 M KOH) heated in a 10 M KOH solution at a variety of

temperatures and times [46].

A similar synthesis as described above was undertaken

replacing the TiO2 nanotubes by the Degussa, anatase, or

rutile nanoseeds. A temporal SPPT study was undertaken

through aliquot analyses monitoring using TEM and PXRD

(see Fig. 2c–e). While wires were formed for all precur-

sors, the TEM images clearly indicate that more than 24 h

was necessary to generate the desired high aspect ratio

wires. The final conditions used, described in ‘‘Experi-

mental section’’ were optimized and consisted of heating a

suspension of the TiO2 nanoparticles at reflux temperature

for 3 days in 10 M KOH under an argon atmosphere.

Figure 3 shows the SEM and PXRD of the final products

isolated at the end of the reaction following workup as

described in ‘‘Experimental section’’. As can be discerned

from the SEM images, all precursors generate nanowires

with an aspect ratio of greater than 200 that were signifi-

cantly thinner than those noted for the SOLVO route. BET

adsorption analysis gave surface areas of 164, 354, and

361 m2/g for the final nanowires formed from Degussa,

anatase, and rutile, respectively. While the nanowires show

slightly decreased surface areas in comparison to the

SOLVO route, these data suggest that the SPPT route was

an acceptable alternative and could be used for larger scale

preparation of nanowires. Interestingly, the Degussa

nanoparticles retained the original *9:1 (anatase:rutile)

mixed phase (Figs. 1a and 3a), while the anatase and rutile

powders were converted to the H2Ti2O5�H2O phase. For the

DeGussa generated nanomaterials, residual KCl was noted

as well. Again, it appears that the Degussa material is much

more crystalline than either the anatase or rutile nanowires.

At this time, we are uncertain as to why the Degussa

generated nanomaterials are so differentiated from the pure

starting materials and studies are underway to explore this

phenomenon. Due to its phase purity and consistently high

surface areas materials generated, the commercially avail-

able rutile (Aldrich) precursor was the preferred nanoseed

material.

From the onset, the possibility of contamination or

incorporation of silicon oxide from the reaction of the

strong KOH base solution with the glassware in the SPPT

setup was of concern. While our initial results did not

reveal detectable Si levels in the EDX analysis, recovery,

and reuse of the KOH solutions in the same glassware

rapidly (\3 preparations) led to significant etching of the

round bottom flask. Eventually, contamination of the

nanowires with Si occurred at such a level that the titanium

silicate phase [HK3Ti4O4(SiO4)3�4H2O; JCPDS card No.:

00-047-0043] formed (Fig. 4). SEM analysis revealed that

Fig. 2 TEM of TiO2 materials from 10 M KOH (aq.) processing by

SOLVO route a Degussa, b anatase, c rutile (day 1), d rutile (day 3),

e rutile (day 7)
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the primary morphology was still a nanowire with diame-

ters of 20–40 nm and similar aspect ratios to that of the

other nanowires. The potential for silicate contamination in

the nanowires, even for the first attempts is, therefore,

highly likely. However, these results also indicate that the

rationally controlled synthesis of titanium silicate nano-

wires can be achieved when desired [48–50].

HYBR

As SOLVO and SPPT routes proved problematic in terms

of generating phase pure TiO2 on large scale, an additional

alternative method was needed. A hybrid-processing route

combining the SOLVO and SPPT routes was, therefore,

developed focusing on rutile starting materials, as they

consistently generated the highest surface area nanomate-

rials. The HYBR route consisted of using NalgneneTM

bottles that were partially filled with the TiO2/KOH reac-

tion mixture, loosely capped to minimize solvent loss, and

re-filled periodically with water to ensure a constant reac-

tion volume. The reaction was heated for 3 days at 125 �C

in an oven and the subsequent product was also found to be

nanowires (shown in Fig. 5). The wires formed have an

aspect ratio approaching 95 with the width of the wires
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Fig. 3 (i) TEM and (ii) PXRD patterns images of nanowires generated by 10 M KOH (aq.) SPPT route a Degussa, b anatase, c rutile.

Reticulation is from Au/Pd sputter coat for SEM
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significantly thinner than those nanowires observed in the

SPPT (or SOLVO) routes. Additionally, these nanowires

appear to be less ‘‘bundled’’ than the other routes but have

a lower aspect ratio. BET data show the nanowires to have

a significantly smaller surface area of 72 m2/g, than those

formed via the SOLVO or SPPT routes. Large-scale syn-

theses of these nanomaterials were readily achieved by

running multiple reactions at the same time. Table 1

summarizes the variables noted for the different optimized

process to nanowires using 10 M KOH.

Fig. 4 HK3Ti4O4(SiO4)3�4H2O nanowires: a SEM and b PXRD pattern (* indicates substrate)
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Low pH

While it appears the hybrid basic route was a useful large-

scale route for the production of nanowires, several

reports have indicated that acid routes may also be viable

method for the production of other more complex TiO2

nanomorphologies [14, 18, 20–22, 24–28]. By lowering

the pH, the functional groups on the surface growth

planes will be altered and thus different growth planes

will be favored yielding alternative morphologies. Typi-

cally, the reported acidic possessing involves the reaction

of Ti(OR)4 added into simple acids such as acetic acid

[21], nitric acid, and trace amounts of HCl followed by

aging and then hydrothermal processing. Recently, it was

reported that HF could also play a role in determining the

shape of the final nano TiO2 [24–27]. In this reaction

F-doped TiO2 flowerlike nanomaterials were synthesized

by the acidification of Ti0 plates in HF under solvother-

mal (SOLVO) conditions [27]. Additionally, the use of

the congener halide acids (HX) in the production of

TiO2 nanoarrays have only been investigated in a limited

manner but have the potential for production of mor-

phologically varied nanomaterials [18, 28, 51–53]. For

example, parallelepiped shaped nanoparticles ranging

from 7 to 100 nm in size were prepared hydrothermally

using Ti(OCHMe2)4 modified with catalytic amounts of

HCl [14, 18]. With the fact that the HXs would impart

some effect over TiO2 nanomaterial morphology [18, 51–

53], it was of interest to determine what morphologies

SOLVO, SPPT, and HYBR synthetic routes using (conc.)

HX (where X = Cl, Br, I) solutions and TiO2 nanoma-

terials would produce, especially since TiO2 is widely

reported to not be soluble in HX solutions.

Rutile or anatase nanoseeds were placed into HX at

different molarities. Degussa starting materials were avoi-

ded due to the mixed phases, which could add another

variable that would complicate the final interpretation. HF

was avoided due to the safety concerns. The various results

obtained for these nanoseeds under the different acids and

processing routes are tabulated in Table 2. The three routes

used previously were investigated using the phase pure

TiO2 (anatase and rutile) at low pH.

SOLVO synthesis

The SOLVO TiO2 nanoseeds growth investigation at low

pH was undertaken in a similar manner as noted for the

high pH solutions. To a slurry of seeds in H2O, and equal

volume of conc. HX was added and the mixture sealed in a

TeflonTM lined Parr digestion bomb. There was no indi-

cation of a reaction occurring upon mixing. After heating at

225 �C for 24 h, the reaction mixture was removed and

allowed to cool. The resulting precipitate isolated by

centrifugation, was washed repeatedly with H2O, and then

an aliquot was deposited onto the TEM grid. The anatase

results are shown in Fig. 6 (TEM i: a–c, PXRD ii: a–c) and

rutile in Fig. 7 (TEM i: a–c, PXRD ii: a–c). For both

precursors, substantially different morphologies were iso-

lated in comparison to their parent nanoseeds (Fig. 1).

Independent of the acid employed (Figs. 6(i: a–c) and

7(i: a–c), both the anatase and rutile starting seeds main-

tained their respective phase as can be determined from the

PXRD patterns (Figs. 6(ii) and 7(ii)); JCPDS Nos.: 00-21-

1272 anatase and 00-21-1276 rutile, respectively).

For anatase staring materials, the products isolated were

all similar in shape, forming squares (see Fig. 6) for each

acid reaction. EDX does not reveal the presence of any

halide incorporation, which further confirms the [100%

yields obtained was in fact due to water retention. The

squares have very well-defined edges with rounded cor-

ners. Most of the squares are *30 nm in size with a

noticeable amount of smaller squares. For the HCl product

(Fig. 6a), the squares are varied in size ranging from 15 to

50 nm with fairly regular edges. In contrast, the HBr

products (Fig. 6b) present slightly larger less-defined

edges. The most regular squares were isolated for the

strongest acid HI (Fig. 6c) and may reflect a slightly higher

degree of solubility versus the other weaker acids.

In contrast, rods were isolated for the rutile whisker

starting material, again independent of the acid employed.

In this instance, the HBr generated rods are smaller and

more polydispersed in aspect ratio than either of the other

acids. The HCl (weakest) and HI (strongest) acids have

similar uniform nanorods of *20 nm width with a range of

lengths (50–90 nm) but no rod appears to be longer than

100 nm in length. Lower processing temperatures (175 �C)

also led to similar dimensioned rods. BET analyses of the

rutile materials indicated that the HCl (58 m2/g) nanorods

had less surface area than either the HBr (101 m2/g) or HI

(94 m2/g) nanorods.

Interestingly both of the precursors in HX do not form

wires as noted for all of the KOH systems. The variations

between the two nanomaterials’ morphology is either a

reflection of the starting structure or the ‘‘solubility’’ of

the TiO2 phase in acid which will alter its surface chem-

istry. While both anatase (I41/mmm, a = b = 3.78 Å,

c = 9.51 Å, V = 136.25 Å3, Z = 4), and rutile (P42/

mmm, a = b = 4.58 Å, c = 2.95 Å, V = 62.07 Å3,

Z = 2) crystallize in the 4/mmm tetragonal crystal system,

rutile has the lower molecular volume with a unit cell

atom arrangement that is more symmetric in comparison

to the more open elongated anatase structure [54].

Therefore, to generate a square- or rod-like morphology

would require asymmetrical growth and preferred orienta-

tion for either phase. There is little to poison the faces of the

growth particles based on the three component system (HX,
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H2O, and TiO2). Therefore, the degree of protonation of the

structure likely accounts for the directed growth observed. It

has been shown that the (001) surface of anatase is not as

reactive as the (101) facets [55] and that the (110) of rutile is

more reactive than the (001) surface [56]; therefore, these

are proposed to be the favored growth planes.

To confirm this, a series of high-resolution TEM anal-

yses were undertaken and the resultant information

Fig. 6 Anatase: (i) TEM images and (ii) PXRD patterns of TiO2 from SOLVO route using 1:1 H2O and HX (conc.): a HCl (inset SAED pattern),

b HBr, c HI
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pertaining to the squares is shown in Fig. 8 and the rods in

Fig. 9. Selected area electron diffraction confirms that the

squares adopt the anatase phase and the rods have a rutile

structure—in agreement with the PXRD data (vide infra).

Tilting experiments indicate that the squares are relatively

thin with the ratio of the plate thickness to the width of

the edge approaching 0.5. While there is a disparity in the

shape and size of the particles, the square species have the

larger plate growing along the (001) or c-axis and the edges

associated with the (100) axis. The (101) lattice spacing

Fig. 7 Rutile: (i) TEM images and (ii) PXRD patterns of TiO2 from SOLVO route using 1:1 H2O and HX (conc.): a HCl (inset SAED pattern),

b HBr, c HI
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was clearly shown to be 0.352 nm, whereas the (200)

spacing of 0.189 nm was much harder to record. The

growth along the c-axis is unexpected due to its reported

lower reactivity [55]. HRTEM images indicate that the rod

is growing along its (001) or the c-axis, again in contrast to

the expected growth planes [56]. The edges of the rods are

the (110) planes with the tip of the rod bounded by four

faceted (111) planes.

SPPT synthesis

While the square morphologies observed above for the low

pH SOLVO route were of potential interest for composite

fillers, as previously discussed this methodology is not

amenable to large-scale processing. Therefore, we inves-

tigated nanomaterials generated from the SPPT route at

low pH. Concerns about etching of the glass to form sili-

cates were not warranted for the HX (HX = Cl, Br, I)

reactions. The similarities of the final TiO2 morphology

noted for the SPPT and SOLVO routes at high pH implied

the low pH route morphologies might also be comparable.

For the SPPT processing, the anatase TiO2 powder

(Fig. 1c) was the first seed investigated. It was placed in a

three neck round bottom with water, an equal volume of

HX was added, and then the reaction mixture was heated to

reflux under an argon atmosphere for 3 days. After this

time, the precipitate was isolated by centrifugation, washed

with water, and then analyzed by TEM and PXRD (see

Fig. 10). BET analyses of the anatase generated materials

indicated that the HCl (136 m2/g), HBr (127 m2/g), and HI

(131 m2/g) all possessed approximately the same surface

area. Rutile particles were also investigated with similar

results. While larger particles were obtained for each

starting material, the shapes were not regular and did not

warrant further study; hence, further efforts concerning this

route were not pursued.

HYBR route

Due to the lack of interesting morphologies noted for the

SPPT method, the HYBR route was explored at low pH.

This was undertaken since it is amenable to large-scale

(a) (b)

(c)

(101)
(011)

10 nm 

(200)

(020)

a

b

C

{101}

α 

[-1,-1,1] 

[001]

[100]
[010]

Fig. 8 HRTEM image taken in

a [-1, -1, 1] and b (001)

direction of TiO2 squares

generate by the SOLVO route,

c schematic of cell
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synthesis and the nanoparticle morphologies observed for

the high pH SOLVO and HYBR routes were similar. TEM

analyses of the low pH HYBR route indicated that some

morphological variations were noted for both starting

materials and acids investigated. For anatase, the TEM

images (Fig. 11a) displayed square-like morphologies but

the edges were not as defined for these materials as noted

for the SOLVO route. However, the anatase phase was

noted for the HCl and HBr solvent systems, whereas the HI

had an amorphous material (Fig. 11b). In contrast, the

rutile (Fig. 12) phase formed thin wires that agglomerated.

Again, the rods formed in the SOLVO route were larger

and more defined in comparison to the HYBR method. The

PXRD patterns indicated that the rutile phase was retained

upon conversion (Fig. 12b). The BET analyses of the

anatase and rutile materials generated by the HYBR route

found that the HCl-derived material had less surface area

than either the HBr or HI. Longer reaction times are being

explored for the HYBR route to improve the morphology

but retention of the reaction volume is difficult due to

evaporation of both water and the acid. The surface areas

of the materials generated by the HYBR route appear to be

the largest of the HX solvent systems investigated

(Table 2). Large-scale HYBR reactions were not attempted

due to the constant monitoring required to maintain proper

solution levels based on the higher volatility of the HX

solutions in comparison to the KOH reactions. However,

with a properly optimized/engineered setup, the HBYR

route is amenable to large-scale processing to generate the

interesting square-like morphologies.

Summary and conclusions

The standard SOLVO and SPPT routes that employ TiO2

nanomaterial precursors heated in 10 M (aq.) KOH were

found to be inadequate for production of large-scale nano-

wires of TiO2. The SOLVO routes are limited by size of the

Parr digestion bomb that can be used and the SPPT route

led to etching of the glassware and ultimately forming

001 

110 

111 

00

[001]

d(110) =0.32nm 

(110)

(111)

(001)

d(001) = 0.296nm 

[001

(110)

(111)

(1-10)

(a)

(b)

Fig. 9 a HRTEM micrograph taken in [1, -1, 0] electron beam

direction of nanorods from SOLVO, b schematic of cell: rod is

growing along its [001] or c-axis and has four {110} planes on the

sides, the tip of rod is bounded by four faceted {111} planes

Fig. 10 TEM images of TiO2 from SPPT route a HCl, b HBr, c HI
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HK3Ti4O4(SiO4)3�4H2O nanowires. Therefore, a facile

large-scale HYBR route that involves heating TiO2 in

10 M KOH in a NalgeneTM bottle was successfully devel-

oped. Interestingly, Degussa starting nanoseeds maintained

their 9:1 anatase:rutile composition from the SPPT route,

whereas all other routes and precursors formed the

H2Ti2O5�H2O phased nanowires. The surface area of the

nanowires decreased according to the methods employed

(SOLVO [ SPPT [ HYBR) with rutile nanoseeds yielding

the highest surface areas for each method explored.

Switching to halide acids as the solvent, led to the

retention of parent seed particles’ phase for the final

nanomaterials, independent of the solvent acid or process

employed. The SPPT and HYBR routes led to less-defined

Fig. 11 TiO2 materials generated from HX HYBR route using anatase starting nanomaterial: a TEM images with (100 nm) scale bars and

b PXRD pattern of: (i) HCl, (ii) HBr, and (iii) HI
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morphologies, in comparison to the SOLVO route. For

anatase, 30–40 nm nanosquares were observed for all

acids; whereas, nanorods (aspect ratio of 10) were gener-

ated using rutile materials.

The development of the HYBR route will allow for

large-scale processing of the morphologically varied

nanowires (high pH) and nanosquares (low pH). Now that

the effect that the starting nanoseeds have on the final

Fig. 12 TiO2 materials generated from HX HYBR route using rutile starting nanomaterial: a TEM images with scale bars of: (i) 50 nm, (ii) 50

nm, and (iii) 10 nm and b PXRD pattern
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phase has been elucidated, further work to understand the

growth processes and control over the final properties of

these systems is underway.
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