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ABSTRACT: The controllable synthesis of rutile TiO2 single crystal particles with preferential

orientation  of  {111}  facets  still  remain  a  scientific  and  technological  challenge.  Here,  we

developed a facile route to fabrication of rutile TiO2 nanorod crystals (RTiO2NRs) having high

ratios  of  oxidative  {111}  to  reductive  {110} surfaces. RTiO2NRs were  synthesized  using  a

peroxo-titanium complex (PTC) approach, which was controlled by changing the Ti/H2O2 ratio.

The  thus  obtained  RTiO2NRs revealed  a  high  tendency  to  agglomerate  through  orientation-

dependent attachment along the {110} facets. This resulted in an increased {111}/{110} surface

ratio  and lead to  a markedly  improved photocatalytic  activity  of RTiO2NRs aggregates.  The

reported findings illustrate the rich potential of the herein proposed facile and energy-efficient

synthesis of nanostructured rutile TiO2-based photocatalysts.

KEYWORDS: TiO2, Rutile nanorods, Photocatalysis, Orientation-dependent attachment, Self-

assembly.

■ INTRODUCTION

Titanium dioxide (TiO2) is one of the most widely studied semiconductors (n-type) due to its

low cost, abundant resource, high photocatalytic activity, resistance to chemical corrosion and

photo-corrosion and non-toxicity.1 Since the discovery of the photo-induced decomposition of

water on TiO2 electrodes,2 interest in TiO2 as a strategic material for environmental protection

and  photo-electrochemical  solar  energy  conversion  has  continuously  increased.  These

applications  are mainly related to photocatalysis, artificial  photosynthesis,  dye-sensitized and

metal  halide  perovskite  solar cells, anti-fogging  and  self-cleaning  surfaces,  sterilization,

agriculture,  sensors, paintings,  as well  as potential  drugs in cancer treatment.1,38,9,10,11,12 Under

2



ambient conditions, TiO2 can exist in eight crystalline polymorphs, of which only three, i.e. rutile

(tetragonal), anatase (tetragonal) and brookite (orthorhombic), are naturally occurring.13,14 Each

of the TiO2 polymorphs exhibits specific physical properties, such as the band gap, surface states,

defect  sites density,  photocatalytic  activity, etc.15,16 Phase-controlled  synthesis  of anatase and

rutile depends on several factors, including solution pH, reactant concentration and the employed

mineralizer.3-7,16 Most rutile photocatalysts show lower  photocatalytic  activity  than  anatase

photocatalyts,16-18 although nanostructured rutile  TiO2 could  exhibit  advantageous  properties

compared to anatase, including higher absorption in the visible light region and better chemical

stability.19 Under certain circumstances the above-mentioned features of rutile may result in its

higher photocatalytic activity.20 

A  wide  variety  of  methods  have  been  used  to  synthesize  rutile  TiO2 nanoparticles  with

favorable photocatalytic properties. In  particular,  quite  a  number  of  studies17-18,21-24 describe

synthesis routes based on implementing peroxo-titanium complexes (PTC). In this approach PTC

may be obtained from various types of TiO2 precursors and hydrogen peroxide (H2O2). It was

emphasized  that  the  obtained  crystallite  size  was  significantly  lower  starting  from  titania

alkoxide precursors, and only moderate photocatalytic activities of the obtained materials were

reported.17,21

In  order  to  evaluate  and  explain  properly  the  photocatalytic  activity  of  nanocrystalline

materials, it is important to study nanocrystal growth and morphological evolution (surface area,

porosity,  the presence of surface facets,  etc.),  because they affect the intensity  of interaction
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between ions or molecules and nanocrystal free surfaces (surface facets). Morphology evolution

is of particular importance because it may significantly modify physical properties and surface

reactivity.25 It  was  recently  demonstrated  that  the  catalytic  activity  of  TiO2 nanocrystals

depended on the average particle size and type of oxygen donor, namely O2 or H2O2, and when

the oxygen donor was H2O2, rutile crystals showed the highest activity.26,27 It was also speculated

that the origin of this phenomena was the slow recombination rate of the electron–hole pair in

rutile when the oxidant was H2O2. Some other authors suggest the opposite idea, that the inferior

photocatalytic  activity  of  rutile  TiO2 nanoparticles  could  be  correlated  with  the  intrinsic

recombination  of  photogenerated  electron–hole  pairs.28 Banfield  et  al.  discovered  that

nanocrystal morphology could change under hydrothermal conditions through the attachment of

crystallographically oriented individual particles.25,29 It was also shown that anisotropic growth of

a  rutile  nanocrystal  along the  [001]  direction  produced a  nanorod  with  dominantly  exposed

reductive  {110}  lateral  facets  and  oxidative  {111}  top-facets.30,31 The  latter  facets  are

thermodynamically  less  stable,  and  usually  represent  a  small  fraction  of  the  TiO2 nanorod

surface.32 Therefore, enhancement of  photocatalysis,  i.e.,  efficient  electron/hole  separation  at

reductive/oxidative exposed facets, was achieved by increasing the surface area ratio of oxidative

to reductive crystal facets.30,33,34

The  aim  of  this  research  was  to  study  the  effect  of  the  Ti/H2O2 molar  ratio  and  the

decomposition time of the peroxo-titanium complex (PTC) on the crystal structure, crystallite

size and nanoscale morphology evolution of rutile TiO2 nanorod crystals (RTiO2NRs), as well as

to  elucidate  the  effect  of  self-aggregation  of  RTiO2NRs  on  their  photocatalytic  activity.
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RTiO2NRs photocatalysts  synthesized  with using three different  Ti/H2O2 molar  ratios,  i.e.  of

1/100, 1/110 and 1/150, are hereinafter referred to as PTA 1/100, PTA 1/110 and PTA 1/150.

■ RESULTS AND DISCUSSION

Most of the results presented here are for the PTA 1/100 molar ratio sample, corresponding to

48 hours of PTC decomposition, as this sample revealed the highest photocatalytic activity.

The  details  of  the  experimental  approach  related  to  the  synthesis  and  entire  preparation

procedure  implemented  to  obtain  reproducible  and size-controlled  PTA aggregates,  methods

used for characterization,  and the photocatalytic  study of the PTA catalysts  are given in the

experimental section.

FTIR  analysis  of  the  synthesized  RTiO2NRs  was  performed  to estimate  qualitatively  the

presence of residual functional groups at the nanorod surface. The FTIR spectra of PTA nanorods,

prepared with using Ti/H2O2 molar ratios of 1/100, 1/110 and 1/150, are shown in Fig. 1. The

corresponding FTIR spectra collected for the PTA 1/100 sample, prepared using different PTC

decomposition times, are depicted in Fig. S1.
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Figure 1. FTIR spectra of PTA nanorods obtained using three different Ti/H2O2 molar ratios:

1/100 (black trace), 1/110 (red trace), and 1/150 (blue trace).

As can be seen in Fig. 1, all three materials of the dried PTA nanorods exhibited peaks at 570,

1120, 1220, 1404 and 1630 cm–1, as well as a broad band at 3200–3600 cm–1. The absorptions

with  maxima  at  ~3400  cm–1 and  1630  cm–1 can  be  assigned  to  the  stretching  and  bending

vibrations of OH groups, respectively, present at the TiO2 surface and from adsorbed water. The

stretching vibration of the peroxo bond (–O–O–) of TiO2 sol, observed at ~900 cm–1, disappeared

after 16 h of thermal treatment, as recently reported in the literature.22 The broad adsorption due

to the stretching vibrations of Ti–OH bond was observed at ≈570 cm–1. The peaks at 1350 and

1550 cm–1 represent νsym(COO–) and νasym(COO–), respectively.  The difference between the sym

(symmetric)  and  asym (asymmetric)  vibrations  is  around  200  cm–1,  which  indicates  that

carboxylates groups are bound to Ti(IV) in a monodentate manner. It was shown that the formate

anion,  HCO2
-,  could  coordinate  in  both  manners,  i.e. monodentate  or  bidentate,  while

preferentially bridging two Ti sites on the {110} surface due to the greater distance between Ti

sites at the {111} surface.35 Analogously, the propionate could create a bridging coordination

complex, and they could contribute to oriented attachment between rutile nanorods. The peaks at

1120 and 1220 cm–1 could be assigned to  sym and  asym vibrations of the C–O bond of the

surface-attached propionate moieties.

The pure crystallized and shape-controlled rutile nanoparticles were further analyzed by the

XRD technique. The synthesized TiO2 catalysts at different molar ratios after decomposition of

48 h (Fig. 2), and different decomposition times at a 1/100 molar ratio (Fig. S2) showed XRD

patterns attributed to the pure rutile phase (tetragonal space group P42/mnm (D4h, No. 136) with
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the  lattice  parameters a=b=0.452 nm and c=0.294 nm). These patterns exhibited the  strong

characteristic peaks at 2θ = 27.5°, 36.1° and 54.4° that correspond to the rutile planes (110),

(101) and (211), respectively. Additionally,  the (111) reflection  in the XRD patterns (Fig. 2),

appears to have higher intensity in comparison to the standard rutile diffraction patterns, and

recently published results.30

Figure  2. Powder  XRD patterns  collected  for  the  synthesized  PTA nanorods,  PTA 1/100

(black trace), PTA 1/110 (red trace), PTA 1/150 (blue trace), and simulated XRD pattern of rutile

TiO2 with a random crystallite orientation, PTA Simul (green trace).

The  diffraction  intensity  ratios  (I(110)/I(101))  and  (I(111)/I(101)),  given  in  Table  1,  indicates  the

presence  of  aggregates  with  preferentially  orientated  {111}  facets.  The  highest  diffraction

intensity  ratio  I(111)/I(101) of  well-crystallized  nanorods  PTA  1/100  is  clear  indication  of  the

importance of oxidative {111} facets for enhanced photocatalytic activity (discussed below). 
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Table 1. Diffraction intensity ratios of the (110) to (101) (I(110)/I(101)) and (111) to (101) (I(111)/

I(101)) XRD peaks for the synthesized PTA nanorods.

Rutile TiO2 I(110)/I(101) I(111)/I(101)

PTA 1/100a 1.25 0.59

PTA 1/100b 1.27 0.61

PTA 1/110 1.61 0.58

PTA 1/150 1.41 0.56

Ref.30 1.98 0.44

Ref.36 0.41 0.31

a – transmission mode; b – reflection mode

The evolution of the nanocrystals was analyzed by TEM and XRD, and it was found that Ti/

H2O2 molar ratio was the main factor controlling the crystal size and morphology. Increasing the

Ti/H2O2 ratio did not induce the formation of a different crystal structure, while the peak width

decreased, indicating crystal growth. The mean crystallite diameter of the primary nanoparticles,

determined using the Scherrer formula, were 13±0.4, 14±0.5 and 17±0.6 nm, obtained at 1/100,

1/110 and 1/150 Ti/H2O2 ratio, respectively. Small influences of the PTA decomposition time on

the crystallite size could be noticed from Table S1. 

The textural parameters of the synthesized titania powders are given in Tables 2 and S2, while

the pore size distributions of the PTA 1/100 and PTA 1/150 nanorods are shown in Fig. S3, from

which it could be observed that the powders had a broad mesopore size distribution in relation to

the pores in the clusters. 
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Table 2. Textural parameters of the PTA 1/100, PTA 1/110 and PTA 1/150 nanorods

Parameter/ PTA nanorods PTA 1/100 PTA 1/110 PTA 1/150

Specific surface area, SBET (m2 g–1)
72.439 

(±0.763)

68.105 

(±0.150)

65.386 

(±0.161)
Total pore volume, Vtotal (cm3 g–1) 0.378 0.367 0.329
Mesopore volume, Vmeso (cm3 g–1) 0.369 0.362 0.315
Mean mesopore diameter Dmean (nm) 23.477 24.426 26.909

The specific surface area, total pore and mesopore volumes decreases as the Ti/H2O2 ratio and

decomposition  time  increases  (Tables  2  and  S2).  Such  findings  are  an  indication  that  the

crystallite size and interparticle voids at the higher  Ti/H2O2 molar ratio increased as a result of

either nanoparticles coarsening or nucleation and crystal growth inside the mesopores.37,38 The

correlation of BET (Brunauer-Emmett-Teller) analysis (Tables 2 and S2) with the photocatalytic

studies  (presented  later  in  the text),  indicates  an influence of  the textural  parameters  on the

photocatalytic  performance,  which  means  that  the  availability  of  surface  active  sites  is  of

significance to enhance photocatalysis. 

The light-absorbing properties of the synthesized photocatalysts were characterized by diffuse

reflectance spectroscopy (DRS). The corresponding UV-VIS absorbance spectra deduced from

DRS measurements  for  PTA 1/100  nanorods  synthesized  using  various  PTC decomposition

times  are  shown  in  Fig.  3a.  The  values  of  the  absorption edges of  the  photocatalysts  are

associated with the point of intersection of the tangent line to the plotted curve inflection point

with the horizontal (zero line) axis (Fig. 3a and Table S3).
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Figure 3.  a)  UV-VIS absorbance spectra  (deduced from DRS measurements)  collected for

PTA 1/100 nanorods synthesized using various PTC decomposition times (in the range from 12

to 60 h) and for TiO2 P25 reference material; b) Valence band (VB) XPS spectra of two selected

PTA nanorods, PTA 1/100 and PTA 1/150, as well as of TiO2 P25 reference material.

The band gaps  corresponding  to  these  absorption  edges  were  calculated  according  to  the

reported  procedure.39 The  average  value  of  the  deduced  band  gaps  was  2.94  eV,  with  the

standard deviation (STD) of 0.01 eV. The details are presented in Table S3.

Form Figure 3a is evident that PTA 1/100 nanorods have a stronger absorption in the UV-

visible range and are red-shifted in the band gap transition, as compared to P25. This finding can

be explained by the well-known differences in the optical absorption edges of the various TiO2

phases. In particular, the adsorption edge of the pure rutile phase is red-shifted of about 25 nm as

compared to the anatase TiO2.37,40,41. Since PTA 1/100 samples are composed of pure rutile TiO2

phase, the corresponding UV-Vis absorption edge are red-shifted compared to P25 which is a

mixed anatase/rutile phase with a ratio of about 5.42 . Additionally, the observed small narrowing

of the band gap of PTA 1/100 (Figure 3a), by about 0.06 eV relative to pure rutile (Eg=3.0 eV),
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could be explained by the presence of edge dislocations (see Figure 6) that reduce the band gap

by  modification  of  conduction  band  energy,  due  to  the  applied  strain.43,44 Thus,  the  more

advantageous  electronic  structure  of  the  synthesized  photocatalysts,  due  to  lower  band  gap

values than for P25, significantly contributed to an efficient electron-hole excitation.

This is also confirmed in the photoemission spectra of the valence band (VB) recorded by

AlKa radiation and shown in Fig. 3b. The intense features located between 1.5 eV and 8 eV

binding  energies  are  assigned  to  O  2p–Ti  3d  hybridized  states,  as  has  been  previously

discussed.45 The  valance  band  maxima  can  be  calculated  from  these  spectra  by  linearly

extrapolating the peaks to the base lines.  The location of the VB maximum between PTA and

reference P25 sample shows some small but systematic differences. In particular, the VBmax of

PTA samples shifts about 0.25 eV towards the Fermi level as compared to P25 sample. This is in

agreement with previous work which showed that the VBmax of oxygen rich TiO2 shifts to lower

binding energies, i.e. towards the Fermi edge.46

The  morphology  of  the  synthesized  photocatalysts  was  analyzed  from  FEG–SEM  and

TEM/HRTEM results. Based on the FEG–SEM analysis (Fig. S4), the dimensions of nanorods,

determined using MIRA TESCAN in situ measurement software, were: length 142±13 nm and

width  34±4 nm for  TiO2 nanorods obtained at  a  1/100 Ti/H2O2 ratio,  while  larger  rode-like

clusters of 217±17 nm length and 50±6 nm width were obtained at a 1/150 Ti/H2O2 molar ratio.

The particle size distributions of all samples were narrow. We observe that generally as the Ti/

H2O2 molar ratio is increased, both nucleation and crystal growth occur more quickly, resulting

in larger primary crystallites, as shown by XRD results. These larger crystallites then linked into
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much  larger  aggregates,  by  orientation-dependent  attachment  along  the  {110}  facets  (these

processes will be explained in detail later in the text).

The TEM images in Figs. 4 and S5 show morphology typical for RTiO2NR clusters. The time-

dependent PTC decomposition for a 1/100 Ti/H2O2 molar ratio (Fig. S6) shows the evolution of

the nanorod morphology and the formation of more defined cluster of nanorods with increasing

reaction time. Nanorod growth and formation of pyramid-type morphology at both ends,  i.e.,

{111}-faceting of the nanorods, are related to the decomposition time. The decomposition time

of 48 h is the period required for the development of the optimal {111}/{110} free surface ratio. 

The STEM–HAADF images in Fig. 4 were taken for PTA 1/100 nanorod clusters,  i.e. the

photocatalyst, which exhibited the highest activity. From Fig. 4b, the relative arrangement of the

laterally coalesced self-assembled nanorods, providing tight attachment along the {110} facets,

could be observed.

Figure 4. STEM–HAADF images of self-assembled PTA 1/100 nanorod clusters oriented with

their longitudinal axes perpendicular (a), and parallel (b) to the electron beam, imaged close to

the 110 and 001 zone axes, respectively; the different gray levels indicate different thickneses of
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the TiO2 nanocrystals; the bright field STEM image in (c) shows the triangular tips at both ends

of the TiO2 nanorods.

High resolution transmission electron microscopy (HRTEM) phase contrast  micrographs of

self-assembled PTA 1/100 nanorods is shown in Fig. 5 and TEM images of catalysts obtained at

12, 36 and 60 h of PTC thermal decomposition are presented in Fig. S6.

Figure 5. a) HRTEM micrograph of self-assembled PTA 1/100 nanorod clusters demonstrating

orientation-dependent  attachment,  imaged  close  to  the  110 zone axis  (exposed {111}  facets

marked by arrows); b) FFT of the image in a), indicating identical orientation of all nanorods; c)

simulated diffraction pattern of rutile in 110 zone axis

The preferential growth along the [001] axis of PTA 1/100 nanorods in Fig. 5a was confirmed

by the fast Fourier transform (FFT) in Fig. 5b and simulated diffraction pattern in Fig. 5c, which

also indicates identical orientation and an elongated habit along the c axis of all nanorods in Fig.

5a. In addition, self-assembled nanorods imaged close to the [110] zone axis with a large number
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of {111} facets could be observed (Fig. 5a).  However, it is important to keep in mind that the

FFT does not rule out antisite defects at the interfaces between particles. Based on the presented

results, it could be deduced that the order of the growth rate (R) of the rutile TiO2 crystal facets is

R(001)>R(110)>R(111), resulting in the formation of a rectangle rod-like morphology with a

four-side tapered tip.31 The triangular tips, i.e., pyramid-type morphology, of the TiO2 nanorods

are visible in Figs. 4c and 5a, showing clearly an angle of 132.3°, which corresponds to the angle

between the {110} and {111} facets in a rutile crystal.32

The evolution of phase, crystallinity and morphology of titania obtained by controlled thermal

decomposition  of  PTC  are  mainly  affected  by  the  Ti/H2O2 ratio  and  associated  with  the

decomposition  routes  of  PTC.24 Quantum chemical  calculations  (density  functional  theory  -

DFT), provided all likely intermediate structures which helped to postulate the probable reaction

mechanism  (pathways)  of  PTC  formation  and  decomposition  (phase  transformation)  under

different  reaction  conditions,  e.g.,  the Ti/H2O2 ratio.  The optimized structure  of  all  probable

intermediate  complexes  (minimum  of  energy  and  frequency  of  each  complex)  obtained  for

defined reaction pathways, indicates  that the planar placement of two peroxo groups and the

stepwise formation of tri-, tetra- and penta-metallic structures favor rutile crystallization.24

The atomic structure near the surface of a rutile TiO2 nanorod was imaged with high resolution

transmission electron microscopy (HRTEM), shown in Fig. 6a. Several unit cells away from the

surface, the bulk structure matches rutile with a [110] orientation, in agreement with our previous

measurements. The atomic resolution image shows strong faceting at the surface, with a ledge

structure visible. We have also observed deviations from the bulk structure, at a distance of a few

unit cells from the surface. These deviations include slight lattice expansion and a changing unit

cell contrast pattern at the surface. These deviations can be modeled as a stacking mismatch of
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two rutile lattices along the beam direction, which causes a shift of 1/2[11 0] rutile unit cells on ̅

the right hand and top sides of the micrograph (near the nanorod surface). The two lattices are in

registry at the lower left side of Figure 6a. An HRTEM image simulation 47 of a simple structural

model is given in Fig. 6b, from a model shown in Fig. 6c. The simulated HRTEM image is in

good  agreement  with  the  experimental  image,  indicating  that  this  structure  is  a  plausible

explanation for the observed contrast.

This  model  structure  results  from a  rutile  dislocation  with  a  line  direction  lying  in-plane.

Similar dislocation structures have been observed in past studies, for example during imperfect

oriented attachment of anatase TiO2 nanoparticles.29,48 Here, these defects were likely introduced

during the decomposition and growth process. If oriented attachment took place along the beam

direction with slightly imperfect alignment between two different regions of the nanorod, the

result  can be lattice  mismatch  between these regions  leading to  dislocations.29 Alternatively,

dislocations with screw character can result is fast growth along the line direction.49,50 The rutile

nanorods in the present study have a high aspect ratio, which could be due to the presence of

dislocations formed during growth. This possibility will be investigated in future studies.
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Figure 6. TEM characterization  of  a  rutile  PTA 1/100 nanorod.  a)  Experimental  HRTEM

image with inset FFT and b) a simulated HRTEM image for the atomic structure model shown in

(c). (d) Ti L1 and L2,3 edges and oxygen K edge in EEL spectra of TiO2 over energy rage of 160

eV, (e) enlarged Ti-L2,3 edge, showing L3 edge position at 462 eV, and separation between L2

and L3 edges of 5eV.

It’s likely that the self-assembly of RTiO2NRs clusters occurs  via the oriented attachment of

individual TiO2 nanorod along the {110} facets, as observed in Figs. 4 and 5. This phenomenon

is described in a recently published work,51 in which it was demonstrated that the cluster-forming
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particles  underwent  continuous  rotation  until  they  find  a  nearly  perfect  lattice  match.  Once

contact has been established between adjacent nanorods, further cluster growth can proceed by

nucleation and ledge growth along the [001] direction. Such processes increase the free surface

ratio of  {111}/{110} facets,  i.e. they lead to significantly higher  exposure of the {111} facets.

This attachment process results in adjacent grains all possessing the same orientation, shown by

the FFT intensity plotted in Fig 5b.

The HRTEM images shown in Figs. 6a and Fig. S7 confirm that the TiO 2 nanorod clusters are

most likely formed via the mechanism of oriented attachment. Fig. 6a shows surface facets, with

a slight lattice expansion at the surface. We have matched its contrast with an image simulation

in Fig. 6b, for the atomic model shown in Fig 6c. This model contains a dislocation along the

beam direction, which is likely a result of slight misalignment during the oriented attachment

process. Fig. S7 shows additional examples of bundles of TiO2 nanorods formed by oriented

attachment, with an inset schematic showing possible growth mechanisms. Regions where TiO2

grains have possibly joined are marked in this figure. Additionally, both Figs. 6a and S7 show

ledges  observed on {110} facets  which indicate  that  ledge growth along the [001] direction

likely continued occurring after attachment. The ledge growth mechanism for Rutile  TiO2 is

discussed in detail in ref.52

Core loss EELS spectra in Fig. 6d clearly shows the presence of Ti L3 edge at 462 eV and O K

edge at 530 eV indicating pure TiO2 nanocrystals. The Ti-L2 edge is shifted 5 eV from the Ti-L3

edge and it is at 467 eV (Fig. 6e). These two edges are formed by transferring 2p1/2 and 2p3/2

electrons to unoccupied orbitals,  and the weak Ti-L1 edge, hidden by the oxygen K edge,  is

formed by transfer of 2s electrons.53 This confirms that Ti has valence state 4+, which is in very
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good agreement with data in literature showing that L3 line in Ti3+ is at 460eV and in Ti4+ is at

462eV.54

Core Level X-ray photoelectron spectroscopy (XPS) was employed in order to elucidate the

oxidation state and the oxygen content on the surface of selected TiO2 samples. Figure 7 shows

the Ti 2p and O 1s core level spectra of PTA 1/100 and PTA 1/150 samples as well as from the

P25 reference. All the investigated samples show similar Ti 2p spectra (Fig. 7a), characterized by

the Ti4+ doublet components at 458.5 eV and 464.2 eV binding energies. The Ti 2p3/2 peak is

symmetric and does not show any shoulder at lower binding energy due to Ti3+.55 This suggests

that,  within  the  detection  limits  of  the  XPS only  Ti4+ ions  are  found on the  surface  of  the

nanorods. In the O1s  spectra (Fig. 7b) four distinct components can be clearly resolved. The

main oxygen component at ~529.7 eV is due to the O2− species of titanium dioxide, while the one

at ~530.9 eV is typically assigned to OH groups attached on TiO2 surface.56 The components at

higher  binding  energies  (ca.  532,  533  eV)  are  due  to  oxygen  species  attached  to  organic

residuals,  with possible  contribution  of adsorbed water  molecules  which appear  in  the same

energy region. This is supported by the C 1s spectra (Figure S8) which clearly show peaks due to

oxygenated carbon species. In particular the peak at 532 eV is induced by C=O species (appears

at 288.8 eV in the C 1s spectrum), while the one 533.3 eV is from C–O species (appears at 286.6

eV in the C 1s spectrum). Adsorbed organic residuals are commonly observed in XPS studies of

photocatalysts,57,58 including  also  reports  on  the  standard  P25  material.59 These  species  are

formed  during  the  TiO2 synthesis  and/or  are  adsorbed  from  the  ambient  environment  after

preparation. The XPS C 1s spectra of synthesized and reference (P25) samples shown in Fig. S8,

indicate that the carbon species observed on the surface of both PTA and P25 samples are almost

identical. This includes both the binding energy position and the relative intensity ratio between
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the C 1s components. This is a clear demonstration that the type of adsorbed carbon species as

well as, their relative population over PTA samples do not differ with those over the standard

P25 reference. Consequently, if they affect the photocatalytic efficiency, then they should affect it

the same way for all samples. Therefore, it is quite unlikely that the observed increase of the

photocatalytic activity of PTA samples (discussed below) is induced by surface adsorbed organic

residuals.

Figure 7. Ti 2p and O 1s XPS peaks collected for two selected photocatalysts, PTA 1/100 and

PTA 1/150, as well as TiO2 P25 reference material: (a) Ti 2p and (b) O 1s

Although the presence of multiple oxygen components at the O  1s  spectra complicates the

direct determination of O/Ti stoichiometry, the contribution of the oxygen contaminant species

due to residual organics can be estimated using their  intensity in the C 1s region.  The O/Ti
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atomic ratio calculated by the O 1s and Ti 2p spectra after subtraction of the contribution of

contaminant carbon species are shown in Table 3. These results show an increase of the overall

oxygenated titania species (lattice oxygen and OH groups) at PTA 1/150 and PTA 1/100 samples

as compared to the reference P25. On the other hand if the O/Ti ratio is calculated considering

only the O 1s component at 529.7 eV the lattice oxygen (stoichiometry of TiO2) is the same in all

samples (2.00 ± 0.04 within experimental error). This indicates that the increased (O2-+OH-)/Ti

ratio over PTA samples, is due to the enhancement of the relative OH groups population on PTA

as compared to P25 reference. 

Table 3. Surface stoichiometry calculated for O 1s and Ti 2p XPS spectra* for PTA  1/100,

PTA 1/150, and TiO2 P25 reference material.

Sample (O2-+OH-)/Ti
PTA150 2.28
PTA100 2.18
P25 2.11

* - Calculations were performed with the contribution of the hydroxyl species in the O 1s

spectra (please refer to the deconvolution of Fig. 7b)

The analysis of the results yielded by electron paramagnetic resonance  (EPR) measurements

did not reveal any characteristic spectral features proving the existence of unpaired spins in our

samples. This confirms that the unpaired spins or EPR active species are not present in the herein

synthesized TiO2 rutile nanorods. In particular, the EPR measurements excluded the presence of

oxygen- and/or Ti3+ -related defects in TiO2 nanorods. 

To understand the influence of different technological parameters on photocatalytic activity of

synthesized  catalysts,  two  parameters  were  varied:  (i)  Ti/H2O2 molar  ratio  and  (ii)  time-
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dependent PTC decomposition. The photocatalytic activity of the PTA nanorods was measured

by monitoring,  under UV-A illumination,  the photocatalytic degradation of a common  textile

dye,  C.I.  Reactive Orange 16 (Benzema). The normalized dye concentration change  vs. time

dependences are shown in Figs. 8 and S9 and point to the fact that the herein synthesized rutile

PTA nanorods reveal excellent photocatalytic activities. In particular,  the  Reactive Orange 16

dye was completely degraded after 20 min, 25 min and 32 min, for PTA 1/100, PTA 1/110 and

PTA 150, respectively (Fig. 8). Specifically, for the PTA 1/100 photocatalysts the degradation

process was completed 2.6 times faster than for the standard photocatalytic material, P25. These

results  show  that  engineering  of  the  exposed  crystal  facets  could  contribute  to  enhanced

photocatalytic activity. It was reported that oxidation and reduction sites on rutile particles occur

on  the  {011}  and  {110}  facets,  respectively,60 and  are  usually  dominated  by  the  more

thermodynamically stable {110} facet.61 Due to the synergistic effect between the {111} and

{110}  facets,  rutile  particles  are  considered  to  be  very  efficient  for  some  photocatalytic

reactions.33 Unfortunately, reactive facets, such as {111}, have relatively higher surface energies,

and  smaller  surface  fraction  at  equilibrium.32,61 The  present  HRTEM  phase  contrast  and  Z-

contrast analyses indicate that obtained rutile nanorods were faceted by {110} lateral reductive

surfaces and tapered caps on both rod ends consisting of four-side oxidative {111} facets. This is

in agreement with the predicted equilibrium shape of rutile nanocrystals.62 Additionally, due to

lateral  attachment  along  the  {110}  surface  facets,  the  nanorod  clusters  had  largely  exposed

oxidative  {111}  surface  area,  i.e. high  surface  ratio  of  {111}  (oxidative)/{110}  (reductive)

crystal facets. The differences in the surface energy levels of TiO2 crystal facets drives the photo-

excited electrons  and  holes  to  reductive  and  oxidative  facets,  respectively,  leading  to  their

effective  separation.33 If  photo-excited  electrons  and holes are trapped at  crystallographically
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different  crystal  facets,  {110}  and {111},  and subsequent  surface  transfer  of  electrons/holes

(initiation  of  surface  reaction)  occurs  efficiently,  such  mechanism  would  minimize  possible

recombination processes, which was confirmed herein by the excellent photocatalytic activity of

the obtained catalysts (Fig. 8).

Figure 8. Relative concentration change of the C.I. Reactive Orange 16 dye vs. time in the

presence of the photocatalysts: PTA 1/90, PTA 1/100, PTA 1/110 and PTA 1/150, and P25. 

In order to obtain high photo-absorption, it is necessary to have well-dispersed photocatalyst

nanoparticles, i.e., the availability of surface active sites at the particle/solution interfaces. Such

behavior depends on the morphology of the catalyst, i.e., particle size and surface area, as well as

on particle  interaction.  An increase in the particle  size (PTA  1/150  vs. PTA 1/100) led to a

decrease in surface area and photocatalytic activity (Fig. 8), indicating a lower availability of

surface  active  sites  due  to  the  mass  effect  (larger  nanorod clusters  of  PTA 1/150;  Fig  S4).

Additionally, lower initial dye adsorption: 6 % for PTA 1/150, 19 % for PTA 1/110 and 24 % for
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PTA 1/100 in comparison with 40 % for AEROXIDE TiO2 P25 is an indication of the lower

activity of the surface sites at the P25 catalyst.  The higher degradation rate, than that of the

common reference material P25, found for the well-faceted nanorod PTA 1/100 resulted from the

contribution  of  three  factors:  nanoscale  morphology,  efficient  electron  excitation  and

electron/hole separation. Consequently, the lower electron/hole recombination rates in the well-

crystallized  rutile  nanorods,  with  a  high  ratio  of  exposed  oxidative/reductive crystal  facets,

contributed to the increased photocatalytic efficiency of this photocatalyst.

Photocatalytic efficiency is determined by the time-dependent production of the most active

oxidative species (the hydroxyl radical - OH.), obtained by the reaction of holes and surface-

bound water and/or hydroxyl groups,5 the amounts of which are closely related to the degree of

exposure  of  the  {111}  facet.  Rutile  TiO2 microspheres  with  100  % exposed  {111}  facets30

showed high antibacterial activity, but no data on their photocatalytic activity was presented. The

diffraction intensity ratio  (I(111)/I(101))  of  the  microspheres30 was lower than those  of  the self-

assembled rutile nanorods (Table 1), indicating higher oxidative potentials of the synthesized

photocatalysts.  Moreover,  the synthesized highly crystalline photocatalysts  showed long-term

stability without significant activity loss after five cycles (less than 5 %). Studies on the use of

PTA photocatalysts and their modifications under UV and visible light are in progress.

■ CONCLUSIONS

In summary, nanocrystalline rutile TiO2 was obtained by a low-temperature process at different

Ti/H2O2 molar ratios and PTC thermal decomposition times. The Ti/H2O2 molar ratio affected the

crystal size and morphology of the TiO2 nanorod clusters obtained by lateral attachment along
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{110} surface facets. In addition,  preferential nanorod growth along the [001] axis, and {111}

ledge growth surfaces resulted in increased amounts of oxidative {111} facets,  i.e., in a higher

ratio of the oxidative/reductive surfaces. High photocatalytic activities of the obtained catalysts

indicated that synergistic effects of the exposed crystal facets facilitate electron excitation and

electron/hole separation. In adddition, the photocatlytic degradation process of a common textile

dye,  Reactive  Orange  16,  was  completed  2.6  times  faster  in  the  presence  of  the  herein

synthetized PTA 1/100 than for the reference photocatalyst,  P25. The presented methodology

offers  an  alternative  for  the  production  of  rutile  titania  with  a  favorable  ratio  of

oxidative/reductive facets to obtain high photocatalytic activity and selectivity. Furthermore, our

approach  excludes  the  use  of  toxic  capping  agents  and  avoids  the  high-pressure  and  high-

temperature treatments, thus facilitating green- and energy-efficient synthesis of nanostructured

rutile  TiO2-based  photocatalysts,  as  well  as  ensuring  simple  upscaling  of  the  proposed

technology.

■ EXPERIMENTAL SECTION

Materials. All materials, titanium(IV) isopropoxide (Sigma-Aldrich), H2O2 (30 % w/w - Merck) and 2-

propanol (Merck), were used as received. Millipore deionized (DI) water (18 MΩ cm resistivity) was used

for sample washing and solution preparation.

Catalysts preparation. In the present study, well-defined nano-sized rutile TiO2 photocatalysts were

prepared  by  low-temperature  thermal  decomposition  (without  hydrothermal  treatment)  of  the  peroxo

titanium complex (PTC), using a significantly higher Ti/H2O2 molar ratio than recently presented in the

literature.24 In a three-necked flask (50 mL) immersed in an ice water bath and equipped with a condenser,

dropping funnel and thermometer, 11 mL of deionized water was added under magnetic stirring. In a
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typical reaction, an alcoholic solution of Ti(IV) isopropoxide (1.65 mmol in 5.6 mL 2-propanol) was

slowly added to the cold water (0-5 °C) under vigorous stirring, whereby a turbid white dispersion was

obtained. After cooling to 0 °C, an appropriate amount of 30 % H2O2 solution (molar ratio of Ti/H2O2:

1/90, 1/100, 1/110 and 1/150) was added drop-wise keeping the temperature constant. The turbid white

dispersion gradually changed to an orange-yellowish clear solution indicating the formation of water-

soluble PTC. At this moment, the ice-bath was removed and mixing was continued for an additional 30

min until the sample reached room temperature. The flask was then immersed in an oil bath and subjected

to heating at  97 °C for  12,  24,  36,  48 or 60 h.  After  completion of the reaction,  the obtained TiO2

dispersion  was  filtered  (0.05  μm  pore  size  polytetrafluoroethylene  filter  membrane),  washed  with

deionized water, dried at 70 °C for 24 h, and ground to a fine powder.

Characterization. Fourier-transform infrared (FTIR) spectra were recorded in the transmission mode

using a BOMEM (Hartmann&Braun) spectrometer. The crystal structure of the as-prepared titania was

characterized  by  X-ray  diffraction  (XRD)  analysis  using  a  BRUKER D8  ADVANCE with  Vario  1

focusing primary monochromator (CuKα1 radiation, λ = 1.54059 Å). The simulated XRD pattern of rutile

TiO2 with a random crystallite orientation (PTA Simul) was performed using the FindIt software package.

The textural parameters of the obtained TiO2 powders were examined using the BET (Brunauer-Emmett-

Teller) method  for  the  determination  of  the  specific  surface  area,  the  BJH (Barrett-Joyner-Halenda)

method for the determination of the mesoporosity parameters and the Gurvich method for quantification

of the total pore volume based on nitrogen adsorption and desorption data at liquid nitrogen temperature

(ASAP  2020,  Micromeritics  -  USA).  The  optical  properties  of  the  obtained  photocatalysts  were

characterized  using  diffuse  reflectance  spectroscopy  (DRS).  The  DRS  spectra  were  collected  in  the

wavelength range from 220 to 1000 nm using a Shimadzu 2600 UV-Vis spectrophotometer equipped with

an integrating sphere, using barium sulfate as a standard. Morphological characterization was performed

using a field-emission gun scanning electron microscope (FEG-SEM) MIRA3 XMU (TESCAN, Czech
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Republic).  Conventional transmission electron microscopy (CTEM) was performed using AEM JEOL

200CX and JEOL 2100F microscopes  at  200 kV.  High resolution  transmission  electron  microscopy

(HRTEM) and spectroscopy analysis were realized using the TEAM0.5 aberration-corrected transmission

electron  microscope,  equipped  with  GIF  Tridiem  imaging  filter.  The  CrystalKitX  and  MacTempas

software  packages  were used  for  structure  modeling  and image simulation  of  the experimental  high

resolution transmission electron microscopy data, as well as custom Matlab routines.

Electron Paramagnetic Resonance (EPR) spectra of TiO2 nanorods were recorded on a Varian E109

EPR  spectrometer  equipped  with  a  Model  102  Microwave  bridge.  The  sample  temperature  was

maintained between 15-40 K, using an Air Products LTR liquid helium cryostat. The samples were frozen

at 77 K prior to the EPR measurements. The microwave frequency of 9.25 GHz was used while the scans

were measured at the magnetic field range of 862 G to 4138 G at a microwave power of 2 mW and 20

μW. The spectra were acquired at a modulation frequency of 100 kHz with a modulation amplitude of 3.2

G.

The X-ray photoelectron spectroscopy (XPS) measurements were carried out in an ultrahigh vacuum

(UHV)  setup  equipped  with  a  150  nm  VSW  Class  WA  hemispherical  electron  analyzer.  A

monochromatized Al Ka  X-ray source (1486.6 eV; anode operating at 240 W) was used for XPS.  The

binding energy scale was corrected by the C 1s peak of adventitious carbon at 285 eV as an internal

reference. All samples showed similar electrostatic charging magnitude (0.8 to 0.9 eV).

Photocatalytic  activity. Photocatalytic  decomposition  of  the  textile dye,  C.I.  Reactive  Orange  16

(Benzema),  was followed by optical absorption spectroscopy changes in the presence of the catalyst.

Typically, 25 mg of photocatalyst was added in 12.5 ml of aqueous dye solution (50 mg L -1) in a Pyrex

glass photoreactor at constant temperature (293 K) under water cooling. Prior to irradiation, the mixture

was  ultrasonicated  in  a  water  bath  for  5  min  to  ensure  good  dispersion  of  the  photocatalysts.

Subsequently, the mixture was stirred in the dark for 30 min in order to establish adsorption/desorption

equilibrium  between  dye  molecules  and  the  surface  of  the  photocatalysts.  The  mixture  was  then
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illuminated with a UV-A lamp (125 W; 12.7 mW cm–2; Philips) under magnetic stirring. A 1.0 mL aliquot

of the suspension (after partial settling) was drawn out and separated from the photocatalysts by filtration

using a 0.2 μm poly(vinylidene fluoride) syringe filter (Whatman). The time-dependent dye concentration

change was followed by the absorbance decrease using a Shimadzu 1800 UV–Vis spectrophotometer.

After each sampling and absorbance measurement, the filtrate was returned to the photoreactor. The UV

light  irradiation intensity  was measured by a  UVX Digital  Ultraviolet  Intensity  Meter (Cole-Parmer,

USA;  Model:  97-0015-02  (UVX))  using  a  365  nm  sensor  (97-0016-02(UVX36)).  Comparative

experiments were performed using a commercial AEROXIDE TiO2 P25 Degussa (Evonik) photocatalyst.
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