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properties†
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A heterobimetallic complex, zinc titanium glycolate acetate hydrate (Zn2Ti3–GAH), tentatively formulated as

Zn2Ti3(OCH2CH2O)4(OCH2CH2OH)5(CH3COO)3$2HOCH2CH2OH$H2O, was synthesized by a room-

temperature homogeneous precipitation in ethylene glycol solution. Its chemical composition, crystal

structure, morphology, growth mechanism and thermal behaviors were characterized in detail. The

precipitated Zn2Ti3–GAH was of a highly crystalline monoclinic phase and porous microrod morphology. As

the single source precursor (SSP), Zn2Ti3–GAH was transformed into different phases of zinc titanate via

thermal decomposition. With the remaining shape of the microrods, cubic phases of Zn2Ti3O8 and rutile

TiO2 (r-TiO2) supported hexagonal phases of ZnTiO3 (h-ZnTiO3) were obtained by calcination at 500 and

700 �C, respectively; while r-TiO2 supported Zn2TiO4 were yielded in the form of dispersed particles or

chains at higher temperature (950 �C). Benefiting from the SSP route and the confinement in the specific

microrod domains of precursors, the heterostructures of r-TiO2–ZnTiO3 and r-TiO2–Zn2TiO4 were formed

during programmable calcination. The studies on photocatalysis by degrading methylene blue (MB) under

ultraviolet (UV) irradiation indicated that the as-transformed zinc titanate exhibited enhanced activity. In

particular, r-TiO2 supported h-ZnTiO3 displayed the photodegradation reaction rate constant of 0.00163 s�1,

which was comparable to that of commercially available Degussa P25 TiO2. This probably related to the

more effective charge separation in the r-TiO2–ZnTiO3 heterostructure packed in the microrods.
1. Introduction

Over the past few decades, there has been a growing interest in
novel heterometallic complexes due to their capability as
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molecular single source precursors (SSP) to advanced doped
metal oxides and mixed-metal oxides via chemical routes (e.g.
sol–gel techniques).1–9 Such conversions generally feature
a processing of well-dened stoichiometric ratio of the metal
elements on the molecular level and at relatively low tempera-
tures. The resulting oxides usually inherit some structural
features of synthetic precursors.10 Synthesis of new hetero-
metallic complexes holding unique structures and properties is
of great signicance for the investigation of sol–gel processes as
well as the evolution of metal alkoxide chemistry.10 Of particular
interest is titanium based heterometallic complexes for their
great potential in photocatalysts, photovoltaic cells, electro-
ceramics and many others.7–9

The coordination systems of heterometallic complexes are
mainly stabilized by alkoxo-bridges, polyolates chelating
ligands and oxo ligands between different metal atoms,4

which could be accordingly termed as heterometallic alkox-
ides, heterometallic polyolate-alkoxides and heterometallic
polyoxometallate, respectively. Heterometallic alkoxides were
investigated much earlier.1,2 Examples of titanium containing
heterometallic alkoxides such as [M{Ti(OR)5}]n (M ¼ Li, Na, K),
[Mg{Ti2(OEt)8Cl}(m-Cl)]2, Cd{Ti2(O

iPr)9}I, [{Cd(OiPr)3}Ba
This journal is © The Royal Society of Chemistry 2015
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{Ti2(O
iPr)9}]2 and M2Ti2(OR)x(acac)y (M ¼ Mg, CoII, Ni) were

synthesized through reactions involving union of two different
metal alkoxides or reactions of titanium alkoxides Ti(OR)4 (R ¼
alkyl) and alkali metal alkoxotitanate ligands with metal halides
or acetylacetonates (acac);1,2,11 Some novel types of hetero-
bimetallic polyolate-alkoxides derived from various polyols
(glycols, di- and tri-ethanolamines (teaH3) with common
formulas of MxTi(OGO)y(O

iPr)z(HOGOH)n (M¼ Ce, Ta, Al, K, Na,
Zr; G ¼ CH2CH2, CMe2CMe2, CHMeCH2CMe2, CMe2CH2CH2-
CMe2) and MxTiy(A)z(OR)n (M ¼ Mg, Ca, Sr, Ba, Al, Ta, Nb; A ¼
diethanolaminate (2-), triethanolaminate (3-); R ¼ iPr, tBu), etc.,
were generally obtained by the interactions of residual hydroxyl
groups in the pre-formed homometallic derivatives (titanium
polyolates) with alkoxides of other metals.3,4,9 More recently,
a variety of heterobimetallic polyoxotitanate cage compounds
with a general formulae of [TixOy(OR)zMnLm] (M ¼ La, Ce, Nd,
Eu, Ga, CoII, Zn, FeII, Cu, Ni, MnII, Mov, Crv, etc.; L ¼ Cl, Br, I,
HOiPr, McOH (Methacrylic acid), etc.) were synthesized by
a well-controlled solvothermal method via a reaction of Ti(OR)4
or the pre-formed homometallic titanium-oxo-alkoxy cage with
metal chlorides, hydrated metal acetates and hydrated metal
sulfates.5–8,12–19 Synthesis at room temperature, however, was
less reported.19 Organically-soluble crystals are frequently ob-
tained during the solvothermal heating–cooling cycle or during
a posteriori partial evaporation of the mother liquor.7 In
particular, in the absence of the above mentioned stabilizing
ligands U. Schubert et al. recently synthesized the Zn–Ti–POBC
bimetallic complex by means of a bifunctional linker of p-car-
boxybenzaldehyde oxime (POBC-H) upon reacting Ti(OiPr)4 with
Zn(POBC)2.20

In this study, we reported on a heterobimetallic glycolate–
acetate complex, zinc titanium glycolate acetate hydrate
(Zn2Ti3–GAH) tentatively formulated as Zn2Ti3(OCH2CH2O)4-
(OCH2CH2OH)5(CH3COO)3$2HOCH2CH2OH$H2O, through
a facile room-temperature precipitation reaction in ethylene
glycol (EG) solution, which started from ambient-stable tita-
nium glycolate derivatives and zinc glycolate acetate species.
Similar EG mediated routes were previously described by H. Fu
et al. to synthesize Zn–Ti, Ni–Ti and Co–Ti heterobimetallic
glycolate precursors, though full understanding of their chemical
compositions and structures was lacked.21–23 Herein these
concerns were detailed on the basis of various analysis tech-
niques. The as-precipitated Zn2Ti3–GAH appeared as highly
crystalline monoclinic phase and porous microrods morphology.
It thermally decomposed into different crystallographic phase of
ZnO–TiO2 system from phase-pure Zn2Ti3O8 (cubic, defect-spinel
type, porous microrods), then to rutile TiO2 supported ZnTiO3

(hexagonal, ilmenite-type, porous microrods) and nally to rutile
TiO2 supported Zn2TiO4 (cubic, spinel-type, microcrystallites). Of
particular interest is ZnTiO3 as promising dielectric materials for
capacitors or microwave devices,24–31 gas sensors,32 paint
pigments,27,33 and novel luminescent host.24,34–36 Zn2TiO4 was
attractive as regenerable sorbents for catalytic desulphurization
and dehydrogenation of hot gas.37,38 Zn2Ti3O8 was recently
demonstrated as the anodematerial for rechargeable lithium-ion
battery and photocatalyst for water splitting.22,39 The work pre-
sented herein evaluated their photocatalytic performance against
This journal is © The Royal Society of Chemistry 2015
degradation of methylene blue (MB) under UV irradiations. r-
TiO2 supported h-ZnTiO3 displayed higher photocatalytic
performance probably due to the presence of r-TiO2–ZnTiO3

heterostructure packed in microrods.
2. Experimental section
2.1 Chemicals

All chemicals were used as received without further purica-
tion. Titanium tetrabutoxide (TTB, Ti(OC4H9)4, 99.9 wt%),
ethylene glycol (EG, HOCH2CH2OH, A.R.), zinc acetate dihy-
drate (Zn(CH3COO)2$2H2O, A.R.) and absolute ethanol were
purchased from Kishida Chemical CO., LTD, Japan; N,N-
dimethyl-formamide (DMF, A.R.) and dimethyl sulfoxide
(DMSO, A.R.) were got from Xilong Chemical CO., LTD, China;
methylene blue (MB) was bought from Aladdin Industrial Inc.,
China.
2.2 Synthesis of Zn2Ti3–GAH

All manipulations were carried out under ambient conditions.
In a typical synthesis, 0.5 mL of TTB was added into 100 mL EG
under magnetic stirring, which immediately became cloudy and
gave in situ a clear, colorless solution of titanium glycolate
precursors upon continuous stirring overnight. The titanium
glycolate precursors were used in the following reaction without
further isolation. 0.3216 g of zinc acetate dihydrate (with a Ti/Zn
molar ratio of �1 : 1) was dissolved in 20 mL of EG with stirring
and then poured into the above solution. The reaction was
allowed to proceed with stirring at room temperature. The rst
visible sign of the turbidity appeared in the clear solution �1 h
aer the addition of zinc source and, then the solution gradu-
ally became more turbid. The whole homogeneous precipita-
tion was completed in �3 h, yielding a concentrated
suspension. Aerward, stirring continued for 2 h followed by
aging for�12 h. White powders of Zn2Ti3–GAH (0.5733 g,�95%
yield with respect to [Ti(OC4H9)4] supplied) were collected from
the solution by centrifugation, washed with ethanol, and nally
dried at 60 �C for 12 h in air. Zn2Ti3–GAH was subjected to
calcinations in a muffle furnace under static air at different
temperature for different periods of time. The heating rate was
�8 �C min�1.

To study the effects of Zn/Ti molar ratios of the precursors on
the reaction process and precipitated products, additional
synthesis with Zn : Ti ¼ 2 : 3 and 1 : 2 was performed under
otherwise constant conditions.

To check the stability of Zn2Ti3–GAH against humidity, DMF
and DMSO, 40 mg of the as-obtained sample was suspended in
15 mL of water, DMSO and DMF overnight, respectively; they
were then collected for structure and morphology character-
izations from the solution by centrifugation, washed with
ethanol, and nally dried at 60 �C for 12 h in air. In the case of
DMF, the soaking experiments were performed two times on the
same powders.

Zn2Ti3–GAH was poorly soluble in water and common
organic solvents.
RSC Adv., 2015, 5, 88590–88601 | 88591
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FT-IR (KBr, 4000–400 cm�1): n/cm�1¼ 3425 br (ns(O–H) in EG
and H2O), 2926 s (nas(CH2) C–CH2), 2856 s (ns(CH2) C–CH2),
1665m (d(H–O–H)), 1570m (nas(COO

�)), 1420m, (ns(COO
�)),

1391w (das(CH3)), 1340w (b(O–H)), 1200–1270w (nas(–C–C–O–)),
1116w (C–O–Ti), 1074 vs. (ns(C–O), d(C–O–H)), 1034m (d(C–O)),
914m (g(CH2)), 885m (g(CH2)), 624 s (ns(Ti–O)), 563 s (ns(Ti–O)),
478 s (ns(Ti–O)).

Solid-state 13C{1H} NMR (100.63 MHz, +25 �C, ppm): d ¼
74.130, 63.910, 61.295. Solution 1H NMR (500.13 MHz, [D6]
DMSO, +25 �C, ppm): d ¼ 1.059 (t, J ¼ 5 Hz, CH3), 1.151 (s),
1.238(s, CH3), 1.250 (s, CH3), 2.016 (s, CCH3), 2.524 (t, J ¼ 2 Hz,
CH3), 3.256 (q, J ¼ 5.5 Hz, OCH2), 3.315 (s, OCH2), 3.339 (s,
OCH2 and H2O), 3.392 (t, J¼ 2.5 Hz, OCH2), 3.523 (q, J¼ 5.5 Hz,
OCH2), 4.452 (p, J ¼ 5.5 Hz, OCH2); solution

13C NMR (125.77
MHz, [D6] DMSO, +25 �C, ppm): d ¼ 39.900, 40.066, 40.232,
40.399, 40.476, 40.567, 63.249 (OCH2).

MS (m/z): calcd for 1273.22 (C34H81O36Ti3Zn, [M + H]+),
found: 1273.00; calcd for 1159.05 (C28H64O29Ti3Zn2Na, [M +
Na]+), found: 1158.93; calcd for 1137.06 (C28H65O29Ti3Zn2,
[M + H]+), found: 1136.95; calcd for 1113.30 (C30H81O32Ti2Zn,
[M + H]+), found: 1113.00; calcd for 943.12 (C24H56O26Ti2-
ZnNa, [M + Na]+), found: 942.85; calcd for 921.14 (C24H57-
O26Ti2Zn, [M + H]+), found: 920.85; calcd for 807.07
(C20H48O20TiZn2Na, [M + Na]+), found: 806.90; calcd for
785.09 (C20H49O20TiZn2, [M + H]+), found: 784.90; calcd for
727.16 (C20H48O20Ti2Na, [M + Na]+), found: 726.93; calcd for
705.18 (C20H49O20Ti2, [M + H]+), found: 704.93.

Elemental analysis (%): calcd for C28H64O29Ti3Zn2: Zn 11.48,
Ti 12.61, C 29.52, H 5.66; found: Zn 12.34, Ti, 12.10, C 27.29, H
5.86.

TGA/DTA: theoretical weight loss 64.8%, actual 66.7%.
Thermal events (�C): 180w (endo), 214s (exo), 291s (exo), 370w
(exo).
2.3 Photocatalytic activity measurements

The photocatalytic performance was evaluated through the
decomposition of MB (methylene blue, 50 mL, 10 mg L�1 in
H2O) under �29.2 mW cm�2 ultraviolet (UV, 253.7 nm)
irradiation of a Hg lamp at room temperature in the pres-
ence of photocatalyst (50 mg). Aer being stirred in a well-
shaped reactor 7.0 cm in caliber in the dark for 2 h to ach-
ieve the absorption–desorption equilibrium, the mixture
was exposed to the UV light under constant stirring. For
a given duration of 2 or 10 min, the change in the concen-
tration of MB (aer the removal of photocatalysts through
centrifugation) was checked by its absorption evolution at
664 nm recorded on a UV-visible spectrophotometer (Shi-
madzu UV-2600). As controls, commercially available pho-
tocatalyst of Degussa P25 TiO2 and MB aqueous solutions
without any catalyst were also irradiated under otherwise the
same conditions.
2.4 Characterization

2.4.1. Powder X-ray diffraction (XRD). XRD of the dried
powder were recorded on a Philips X'pert diffractometer (Cu-Ka
88592 | RSC Adv., 2015, 5, 88590–88601
radiation, 1.54056 Å) with an applied voltage of 45 kV and 40mA
anode current over the 2q range of 10–80�.

2.4.2. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The SEM imaging was
examined on a Hitachi S4800 microscope. TEM imaging,
selective area electron diffraction (SAED) and energy dispersive
X-ray spectra (EDS) were performed on a FEI Tecnai G2-F20
microscope operating at 200 kV.

2.4.3. Fourier transform infrared (FT-IR). FTIR spectra in
the 400–4000 cm�1 range were obtained on a JASCO FTIR-460
Plus spectrometer, using the KBr pellet method.

2.4.4. Nuclear magnetic resonance (NMR). 13C{1H} solid-
state NMR spectra were obtained on a Bruker AVANCE III 400
WB spectrometer at a frequency of 100.63 MHz using a 4 mm
broadband magic angle spinning (MAS) probe, spinning at 8
kHz. Solution 1H and 13C NMR spectra were recorded at 298 K
on a Bruker Avance III HD 500 MHz spectrometer, with working
frequencies of 500.13 MHz for 1H, and 125.77 MHz for 13C
nuclei, respectively.

2.4.5. Mass spectra (MS). Matrix-assisted laser desorption
ionization time-of-ight (MALDI-TOF) mass spectrometry
analyses were performed on Bruker autoex III smartbeam
MALDI-TOF/TOF mass spectrometer equipped with a Nd:YAG
laser operating at 355 nm. The laser intensity was adjusted to
obtain good resolution and signal-to-noise ratio (S/N). N,N-
Dimethyl-formamide (DMF) was used as the solvent for the
sample dispersion (1 mg mL�1) and matrix of 2,5-dihydroxy-
benzoic acid (DHB) (20 mg mL�1) helping ionization.

2.4.6. Thermogravimetric and differential thermal anal-
yses (TG-DTA). The thermal behaviors were investigated by TG-
DTA (Thermoplus 2, TG-8120, Rigaku) with a heating rate of
5 �C min�1 over a 20–1000 �C temperature range in air.

2.4.7. TG-FTIR. Simultaneous TG-FTIR experiments were
conducted using a joint Mettler Toledo thermogravimetric
analyzer (TGA/DSC 1 STARe System) and Thermo Scientic FTIR
instrument (Nicolet iS10). A heating rate of 5 �Cmin�1 was used
under a owing air atmosphere in a temperature range of 32–
750 �C.

2.4.8. Chemical analysis. The chemical analyses were
carried out on inductively coupled plasma-atom emission
spectrophotometer (ICP-AES) ICP-9000 (N + M, Thermo Jarrell-
Ash Corp. I, USA) for metal elements (Ti and Zn) and Vario EL
elemental analyzer (Elementar, Germany) for C and H elements.

2.4.9. Nitrogen sorption analysis. Nitrogen sorption
measurements were performed on an ASAP 2020 (Micromeritics).
The total surface area was calculated according to Brunauer,
Emmett and Teller (BET) and the pore size distribution according
to Barrett, Joyner and Halenda (BJH). The desorption branch was
used for calculating the pore size distribution.

2.4.10. Diffuse reectance spectra (DRS). Diffuse reec-
tance measurements were conducted on F7000 spectrophotom-
eter through a synchronous scan mode. The powders were
pressed into pellets, and BaSO4 was used as a reference standard
for correction of instrumental background. The reectance
was converted to absorbance by Kubelka–Munk function: F(R) f
a/S ¼ (1 � R)2/2R,7 where a is the absorption coefficient, S is the
scattering coefficient, and R is the fractional diffuse reectance.
This journal is © The Royal Society of Chemistry 2015
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3. Results and discussion
3.1 Synthesis and characterization of Zn2Ti3–GAH

In the synthesis of titanium complexes, TiCl4 or titanium
alkoxides, such as titanium tetrabutoxide (TTB) and titanium
tetraisopropoxide (TTIP), were usually utilized as titanium
source. However, owing to extreme moisture or water sensi-
tivity, in most cases they underwent a fast and uncontrollable
hydrolysis and oxolation process even at low temperature.
Glycols could serve as a class of strong complexing reagents to
greatly reduce the hydrolysis rates of a number of transition
metal alkoxides/chlorides by forming glycolates or mixed
alkoxide-glycolate derivatives.4,5,10,40–42 With excess EG, herein
some reactions such as eqn (1) and (2) occurred to yield tita-
nium glycolate derivatives (e.g. Ti(OCH2CH2O)(OCH2CH2OH)2
and Ti(OCH2CH2O)2(HOCH2CH2OH)), which maintained
a equilibrium in the solution.5,10,42 The protons of chelated
hydroxyl group of partially deprotonated EG ligands are more
labile and reactive as a result of electron dri, and usually offer
the functioning possibility towards alkoxides of other metals,
yielding heterometallic glycolate alkoxides.3–5,43,44

(1)

(2)

Zn(CH3COO)2$2H2O or anhydrous Zn(CH3COO)2 were
found to produce crystalline Zn–EG–AC complex nanowires
when reuxed in EG, which denitely comprised both EG
species and acetate ions upon IR analysis.45,46 Alcoholate
groups were considered to be formed through the alcoholysis
of acetate ions with alcohol due to its intrinsically weak
basicity when dissolving some hydrated acetate salts in polyols
medium.47 Such a polyols (EG, glycerol, etc.) mediated process
was employed to synthesize many other crystalline homo-
metallic polyolate complexes (e.g. Sn(II), Pb(II), Co(II), Mn(II))
powders by reacting a metallic salt in appropriate polyalcohols
instead of monoalcohols under heating.47–49 Herein at room
temperature and in EG Zn(CH3COO)2$2H2O was suggested
to undergo pre-alcoholysis to de-coordinate acetic acid,
producing zinc glycolate acetate species. They then interacted
with titanium glycolate precursors to yield the Zn2Ti3–GAH,
which precipitated from the reaction medium owing to low
solubility.
This journal is © The Royal Society of Chemistry 2015
Herein the Zn/Ti stoichiometric ratio (2 : 3) of Zn2Ti3–GAH is
lower than that used in the starting materials (1 : 1), excess zinc
acetate was le in the solution and discarded during the
subsequent washing. Additionally, it was experimentally found
that adopting the Zn/Ti molar ratio of 2 : 3 or 2 : 1 while keeping
the constant concentration of titanium source displayed no
effects on the chemical composition and crystal structure of the
resulting Zn2Ti3–GAH. It means that controlled stoichiometric
incorporation of Zn(II) and acetate ligand into the titanium
glycolates is impossible. However, the morphology, precipita-
tion process and production yield were affected. The appear-
ance of milky colloids was delayed and the production yield was
decreased at lower Zn/Ti ratio. With the stoichiometric ratio
(2 : 3) of Zn/Ti, the rst visible sign of the turbidity appeared in
the clear solution �1.5 h aer the addition of zinc source while
the yield was decreased to �38% with respect to [Ti(OC4H9)4]
supplied.

In the FT-IR spectrum of Zn2Ti3–GAH complex (see Fig. S1†)
the strong and broad band associated with O–H stretching
mode in the range of 3050–3500 cm�1 and the band at �1665
cm�1 associated with the H–O–H bending mode evidenced the
hydrate for Zn2Ti3–GAH complex. In a medium wavenumber
range, the indicative absorption bands centered at �1570 and
1420 cm�1 show that the acetate ligands (CH3COO

�) were
denitely involved in the Zn2Ti3–GAH complex. They were
suggested to coordinate to the titanium atoms in a chelating
coordination fashion given the relatively small difference
between asymmetric and symmetric stretching vibrations (Dn ¼
na(COO

�) � ns(COO
�) ¼ 150 cm�1).17,50 In a lower wavenumber

range, absorption bands centered at 1074 cm�1 (C–O stretching
and C–O–H bending) and 885 and 914 cm�1 (CH2 rocking
vibration) were attributed to the modes of EG molecules and
glycolate ligands. In the frequency range much lower than 700
cm�1, the sharp absorption bands are assigned to stretching
and bending vibrations of Ti–O bonds.51

The as-precipitated Zn2Ti3–GAH was highly crystalline (see
Fig. S2†). However, such a XRD pattern cannot be indexed in the
Inorganic Crystal Structure Database (ICSD) or International
Centre for Diffraction Data (ICDD). A preliminary searching for
peaks followed by analysis using McMasille program reveals
a primitive monoclinic system (gures of merit M (20) ¼ 64.85).
The unit cell parameters were primarily determined to be a ¼
7.4564 Å, b ¼ 9.4574 Å, c ¼ 7.5544 Å, a ¼ 90�, b ¼ 120.093�, g ¼
90�, volume ¼ 460.917 Å3, which is extremely close to a hexag-
onal unit cell. The best space group estimated by Checkgroup is
P21/n. No crystals suitable for single crystal X-ray diffraction
analysis could be grown for Zn2Ti3–GAH. Presently it is beyond
our ability to predict precisely the connectivity of glycolate and
acetate ligands, and then to rene the molecule and crystal
structures of Zn2Ti3–GAH. However, previous studies on the
homometallic glycolates (Ti(IV), In(III), etc.) nanowires prepared
by reuxing glycols andmetal alkoxides ormetal salts suggested
that these complexes shared a chain-like structure.41 Based on
the similarities between our reaction and those reported in the
literature, and the observation of a wire-like morphology, we
believe that Zn2Ti3–GAH could also bear similar chains. A
RSC Adv., 2015, 5, 88590–88601 | 88593
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Scheme 1 Schematic representation of structural arrangement sug-
gested for Zn2Ti3–GAH complex, where three titanium and two zinc
atoms were alternately arranged in the chain and bridged by four
totally deprotonated glycolate ligands (OCH2CH2O); each titanium
atomwas additionally chelated by one partially deprotonated glycolate
ligand (OCH2CH2OH) and one acetate ligand (CH3COO�); each zinc
atomwas additionally chelated by one partially deprotonated glycolate
ligand (OCH2CH2OH) and one neutral EG (HOCH2CH2OH) molecule;
the neutral H2O appeared as lattice water rather than coordinating
water at metal atom, andwas omitted for clarity; as a consequence, Ti1
and Ti3 are five-fold coordinated, while Ti2 is six-fold coordinated;
both zinc atoms are six-fold coordinated.

Fig. 1 SEM, TEM and HRTEM images, FFT as well as SAED patterns of
products of zinc titanate via thermal treatment at 500 �C for 3 h ((D–F), Zn
3 h ((M–R), r-TiO2 supported Zn2TiO4). The insets of (B) and (E) are the SA
HRTEM images acquired on the squared areas of microrod in (H); (J and L
images acquired on the squared areas of adjacent grains in (N); (P and R
d spacing and corresponding crystallographic planes were indicated in t

88594 | RSC Adv., 2015, 5, 88590–88601
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schematic representation of suggested structural arrangement
of Zn2Ti3–GAH complex was shown in Scheme 1.

SEM image of Zn2Ti3–GAH clearly shows that the crude
particles (Fig. 1A) are mainly monodisperse microrods with the
average diameter of �0.5–1.5 mm and length of �4.0–6.0 mm.
Higher-magnication of TEM image on single microrod
(Fig. 1B) depicts that it looks like micromesh with varying
contrast (lower or higher) spanning the whole microrod. The
presence of interior cavity implies that these microrods are of
hierarchical structures assembled or stacked by smaller
building blocks (�10–20 nm in size). Nitrogen sorption exper-
iments (Fig. S3A†) showed a broad distribution of pore size from
micropore to large pore, with sharp peaks at �2.4 and 3.8 nm.
The BET surface area was �21.28 m2 g�1. Contrary to power
XRD analysis, high-resolution TEM (Fig. 1C) and SAED (see
inset of Fig. 1B) on single microrod did not reveal the high
zinc titanium glycolate acetate hydrate (Zn2Ti3–GAH) (A–C) and the

2Ti3O8), 700 �C for 2 h ((G–L), r-TiO2 supported h-ZnTiO3) and 950 for
ED patterns taken on the single microrod, respectively; (I and K) are the
) are the FFT patterns of (I and K), respectively; (O andQ) are the HRTEM
) are the SAED patterns performed on the adjacent grains in (N). The
he HRTEM images.

This journal is © The Royal Society of Chemistry 2015
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crystallinity since no lattice fringes and diffraction rings or
spots appeared under extensive observations. These are mostly
likely due to the structural destruction by high-energy electron
beam. The TEM-EDS analysis (Fig. S4†) revealed a Zn/Ti molar
ratio near �2 : 3, which agree well with the elemental analysis.
In contrast, regular microrods were also observed at Zn/Ti ratio
lower than 2 : 1, but many more irregular particles along with
microrods appeared when adopting the Zn/Ti ratio lower than
1 : 1.

FT-IR spectrum of Zn2Ti3–GAH denitely indicates the
presence of glycolate and acetate ligands, however, the solid-
state CPMAS 13C NMR spectrum of Zn2Ti3–GAH (see Fig. S5†)
only displayed three resonance signals at d � 70 ppm for
methylene [–OCH2–] group (two stronger signals at d 74.130,
61.295 ppm and one weak 63.910 ppm), no resonances around
d � 25 (CH3 region) and �180 ppm (COO region) related to
acetate groups were detected mostly likely due to its low
content.52 The signal at 74.130 ppm was assigned to chelated
glycolate ligand, while the signal at 61.295 and 63.910 ppmwere
assigned to neutral glycols molecules.44 In solution only one
resonance of 13C of free glycols was detected at �63.249 ppm
Fig. 2 (A and B) MS obtained after treating Zn2Ti3–GAH in DMF; (C and D
pattern (C) for [M + H]+ correlates well with the calculated pattern (D).

This journal is © The Royal Society of Chemistry 2015
(Fig. S6F†). Herein crystallization of EG solvent in the micro-
structure of Zn2Ti3–GAH and then the interactions of coordi-
nation and hydrogen bonding, were considered to shield the
principle resonance to �61.295 ppm. In contrast, solution 1H
and 13C NMR spectra (Fig. S6†) exhibit a number of peaks fallen
in the region of methyl and methylene groups due to the
dissociation of Zn2Ti3–GAH and/or further reactions in deuter-
ated DMSO. Indeed, immersing Zn2Ti3–GAH in DMSO changed
the crystallinity and morphology greatly (see Fig. S7B and S8C
and D†). The materials became amorphous aer soaking over-
night; many separated small nanoparticles (�50 nm) were
released along with the remaining microrods. The DMSO
solvent damaged the Zn2Ti3–GAH mostly likely starting from
the extraction of neutral molecules (EG and H2O) in the
microstructures.

Similar to many other crystalline homometallic glycolate
powders,40,41,47–49 the solubility of Zn2Ti3–GAH was also poor in
common organic solvents, however, molecule ion peak of which
in MS (see Fig. 2B) was detected by using DMF at m/z 1136.95
(theoretical 1137.06), corresponding to [C28H65O29Ti3Zn2]

+, and
the experimental isotopic pattern (Fig. 2C) matches exactly with
) MS of Zn2Ti3–GAH; the experimentally obtained isotopic distribution

RSC Adv., 2015, 5, 88590–88601 | 88595
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the simulated pattern (Fig. 2D). Considering the outstanding
high stability of titanium glycolate toward moisture,10,42 the
present as-synthesized complex was suggested to contain no
oxo ligands inside. In addition, given the starting materials and
solvent used, molecular ligands determined by FTIR, thermal
evolution by TG-DTA discussed below as well as charge balance
held in the molecular formula, Zn2Ti3–GAH was thus tentatively
formulated as Zn2Ti3(OCH2CH2O)4(OCH2CH2OH)5(CH3COO)3$
2HOCH2CH2OH$H2O. Additionally, MS also shows several
molecule ion peaks of other species (see Fig. 2A and B and S9†).
It was considered that a small amount of Zn2Ti3–GAH was
destroyed and/or dissociated into many other complexes of
lower nuclearities when dispersed in solvents for MS analysis.
Similar to the case of DMSO, soaking Zn2Ti3–GAH in DMF
overnight also changed the crystallinity and morphology but
proceeded slowly. Aer one time soaking the diffraction peak
intensity was dramatically reduced (Fig. S7C†), and then the
materials became completely amorphous without any diffrac-
tion peaks aer second immersion (Fig. S7D†); the surface of
microrods became scraggly with a small amount of �50 nm
nanoparticles (see Fig. S8E–H†). Additionally, aer immersing
Zn2Ti3–GAH in H2O overnight, as shown in Fig. S7E and S8I and
J,† the materials also became amorphous; many microrods were
retained but with cavities inside, some microrods were broken
into smaller pieces. It is apparent that solvents destroyed the
Zn2Ti3–GAH in different ways.

The thermal properties of Zn2Ti3–GAH were also examined
by TG-DTA in air. As shown in Fig. 3, S10 and S11,† thermal
behaviors could be mainly divided into four steps, namely,
initial endothermic stage, subsequent two exothermic
combustion steps, and a last exothermic process. Each process,
especially the initial endothermic stage and subsequent
combustions, resulted in a great mass loss. The total weight loss
was �66.6% when heated to 1000 �C. The endothermic peak at
�180 �C associated with a �39.0% mass loss was in agreement
with the theoretical loss upon considering the departure of
surface moisture, hydration water, lattice EG molecules and
partially deprotonated glycolate groups (–OCH2CH2OH). EG is
known to be a relatively stable organic compound with a boiling
Fig. 3 TG-DTA curves of zinc titanium glycolate acetate hydrate
(Zn2Ti3–GAH).

88596 | RSC Adv., 2015, 5, 88590–88601
point of 197.6 �C.53 The intercalation of molecule EG therefore
stabilizes the compound up to �180 �C. The rst exotherm was
associated with the combustion of totally deprotonated glyco-
late ligands [(OCH2CH2O)4], with a mass loss of �10.6% well
comparable with the calculated value. The second sharp exo-
therm was attributed to the combustion of acetate ligand, with
a weight loss (�13.1%) slightly lower than the calculated value
(�15.5%) due to the progressive release. The last weaker
exothermic process continued in a broad temperature range
was related to the slow burnout of the organic residuals and
crystallization behaviors of zinc titanate.

TG-FTIR was used to examine the gas species evolved during
heating of Zn2Ti3–GAH. Fig. 4 displays a two-dimensional (2D)
wavenumber versus temperature FTIR spectrum. At temperature
below �52 �C, no vibration absorption could be detected, then
some apparent absorption bands related to hydroxyl (O–H, 3650
cm�1), methylene (CH2, 2945, 2886 cm

�1), carbonyl (C]O, 1731
cm�1) and C–O groups (1051 cm�1) appeared, indicating the
release of water, EG molecules and even some acetic species. In
accordance with the endotherm in DTA, these bands became
relatively stronger at �200 �C. The C–H and C–O modes were
still detected during the rst exotherm (�210 �C) and but dis-
appeared in the second one (�305 �C). It means that glycolate
species underwent insufficient combustion into H2O and CO2

during the rst exotherm and were completely removed from
the solid structure below �305 �C. The CO2 modes in the range
of 2265–2400 cm�1 started to appear aer �170 �C and nearly
disappeared aer the second combustion (�400 �C). They were
mainly associated with the oxidation process and accordingly
displayed stronger absorptions during the combustion
processes. The absorption band of carboxyl ligand retained up
to 700 �C, also indicating the slow release of acetate species.
These carbonyl containing species are most likely to be acetic
acid, acetone, or acetic anhydride according to previous studies
on Zn5(OH)8(CH3CO2)2$nH2O.52

In a typical synthesis, milky colloids appeared �1 h aer the
addition of zinc acetate solution. The growth of microrods in
solution was studied by sampling at different periods of reac-
tion time. As shown in Fig. S12A,† initially these colloids were
mainly gel-like particles in morphology, which became less as
the reaction proceeded. Rod-like particles appeared even aer
�1.5 h and dominated the products rapidly. The nucleation and
growth proceeded continuously; some microrods grew prefer-
entially into a relatively large size in a short time. As shown in
Fig. S12B,† the dimension of the some rods reached a diameter
of 0.4 mm and a length of 2.0 mm in �0.5 h. This was almost
a limit of size in the following �3 h (see Fig. S12C–G).† More-
over, during growth processmanymicrorods were characterized
by ill-shape, rough side and end faces. It was therefore believed
that the growth of microrods followed an aggregation/packing
process of the as-grown small particles. They collided and
then coalesced and/or self-assembled intomicrorods for surface
energy minimization according to the chemical bonding theory
of single crystal growth.54 In the reaction system, both polar
solvent of EG and Zn2Ti3–GAH feature rich hydroxyl groups,
which allow a variety of intermolecular forces such as hydrogen
bonding and dipole–dipole electrostatic interaction, to promote
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 A two-dimensional (2D) wavenumber versus temperature FTIR
spectrum of gas species evolved during heating of Zn2Ti3–GAH; the
rainbow colors indicate transmittance of the FTIR spectrum acquired
at different temperature.
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the self-assembly into more dynamic and complex structures.55

In the following experiments, aging allowed for growing into
much larger size, more regular shape and smoother surface via
Oswald ripening.
3.2 Thermal evolution

Fig. 5 exhibits the XRD patterns of the thermally treated prod-
ucts of Zn2Ti3–GAH. It was found that crystallization and phase
transition were dependent on the reaction temperature and
time. Aer calcination at 500 �C for 2 h, the powder was weakly
crystalline to X-ray diffraction, but it denitely crystallized into
one phase with several well-dened broad peaks upon pro-
longed heating to 3 h. One set of sharp peaks appeared and
overlapped the broad peaks when calcined at 600 �C for 2 h.
Fig. 5 XRD patterns of the zinc titanate obtained through calcinations
of zinc titanium glycolate acetate hydrate (Zn2Ti3–GAH) at various
temperatures for different times; each pattern was normalized to its
maximum (A Zn2Ti3O8; C h-ZnTiO3; ( Zn2TiO4; & r-TiO2).

This journal is © The Royal Society of Chemistry 2015
These sharp peaks could be exclusively indexed to the hexag-
onal ZnTiO3 (h-ZnTiO3, ICDD File no. 14-0033).24,25,56 Referring
to the positions of these broad diffraction peaks, two possible
assignments to c-ZnTiO3 (ICDD File no. 39-0190, 1 : 1 of Ti/Zn
ratio) or to cubic Zn2Ti3O8 (ICDD File no. 87-1781, 3 : 2 of Ti/
Zn ratio), are available due to the nearly same reection posi-
tions.24,51,57 A complete transition to h-ZnTiO3 occurred upon
increasing the calcinations temperature to 700 �C. However,
single phase of h-ZnTiO3 was not accordingly yielded;
a byproduct of rutile TiO2 (r-TiO2, ICDD File no. 21-1276)
appeared. Titania is well known to exist in three naturally
occurring polymorphic forms, namely crystalline phases of
anatase (a-TiO2), rutile and brookite. r-TiO2 represents the
thermodynamically stable form at higher temperature and a-
TiO2 shows higher kinetic stability. The production of r-TiO2

upon continuous calcination of the amorphous precursors
usually follows the rst crystallization of a-TiO2 phase at low
temperature (�500 �C) and then a phase transition (�650 �C).40

However, herein the a-TiO2 was not yet observed when con-
ducting the calcination in 500–700 �C range. It is considered
that the production of r-TiO2 was not from any separated
amorphous complexes precursors co-precipitated with Zn2Ti3–
GAH but from the direct decomposition of the crystalline
material obtained by calcining Zn2Ti3–GAH complex at 500 �C
for 3 h. Thereby, the above undetermined crystalline phase
must possess a Ti/Zn stoichiometric ratio higher than 1 : 1; it is
exclusively determined to be cubic phase of Zn2Ti3O8 rather
than c-ZnTiO3. This is in accord with previous reports that the
Zn2Ti3O8 directly decomposed into r-TiO2 and h-ZnTiO3 upon
calcination.57,58 Note that the present Zn2Ti3O8 obtained was
only thermodynamically stable at�500 �C, while it was reported
earlier that Zn2Ti3O8 could be stable until �650, 800 and 820 �C
without decomposition.51,57,58 Heating at higher temperature of
950 �C enabled the h-ZnTiO3 further decompose into the
Zn2TiO4 (cubic system, ICDD File no. 25-1164) and r-TiO2. Such
a structural transition was completed at the same calcination
temperature but for 3 h. Overall, a schematic illustration of
phase transformation of Zn2Ti3–GAH under calcination was
shown in Scheme 2.

As shown in Fig. 1, although the compositions as well as the
structures of these zinc titanate are very different from the as-
synthesized product, both of them held the shape of the
Zn2Ti3–GAH until �700 �C. Aer calcination at 500 �C the
diameter of microrods shrank to 0.5–1.0 mm, length to 2.0–3.0
mm (see Fig. 1D) due to the removal of organic moieties. TEM
image of single microrod in Fig. 1E shows that the microrods
are still porous but with a slightly larger pore size among the
Scheme 2 Schematic illustrations of phase transformation process of
Zn2Ti3–GAH under calcination.

RSC Adv., 2015, 5, 88590–88601 | 88597
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Fig. 6 Diffuse reflectance spectra of Zn2Ti3–GAH, Zn2Ti3O8 (via
thermal treatment of Zn2Ti3–GAH at 500 �C for 3 h), r-TiO2 supported
h-ZnTiO3 (via thermal treatment of Zn2Ti3–GAH at 700 �C for 2 h) and
r-TiO2 supported Zn2TiO4 (via thermal treatment of Zn2Ti3–GAH at
950 �C for 3 h) at the absorption edges. F(R) is the Kubelka–Munk
function.
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packed nanoparticles. The pore size distribution by BJHmethod
upon nitrogen sorption analysis (Fig. S3B†) shows a sharp peak
at�3.4 nm with a long tail in the regions of mesopore and large
pore structures while the BET surface area increased to 34.28m2 g�1

due to the removal of organic species. The SAED pattern (see the
inset of Fig. 1E) on the microrod comprised some diffraction
rings, indicating the polycrystallinity. These rings could be
indexed to different crystal planes of single phase of cubic
Zn2Ti3O8. High resolution TEM image (see Fig. 1F) exhibits
some lattice fringes of the nanounits (�5–10 nm) assembled in
the microrods. The observed d-spacing of �0.25 nm is in good
agreement with the lattice spacing of the (311) plane of cubic
Zn2Ti3O8. At elevated temperature of 700 �C the resulting
sample retained the rod shape, but the packed nanouints
further grew into �100–400 nm in size and le much larger
cavity in the microrods (see Fig. 1G and H). The pore size also
shows a broad distribution from micropore to large pore with
peaks at 1.7 and 30.1 nm upon N2 adsorption–desorption
analysis (Fig. S3C†) while the BET surface area was dramatically
decreased to 5.29 m2 g�1. In accordance with the XRD analysis
that two phases of the h-ZnTiO3 and r-TiO2 were yielded under
calcinations; herein it means that both phases occurred with
each other in the microrod precursor, which could thus be
termed as r-TiO2 supported h-ZnTiO3. Both h-ZnTiO3 (see
Fig. 1I) and r-TiO2 nanoparticles (see Fig. 1K) were highly crys-
talline and imaged by high resolution TEM in single microrod
where the interplanar spacing and corresponding crystal planes
were indicated. Their FFT patterns (see Fig. 1J and L) charac-
terized by regularly arranged spots indicate the single crystal-
linity. It is believed that a heterojunction of r-TiO2–h-ZnTiO3

formed in the particles-packed microrods. As shown in Fig. 1M
and N, the Zn2TiO4 yielded upon thermal treatment at 950 �C
did not retain the rod morphology, many bigger particles �0.4–
1.0 mm in size were observed; some of them were grown into
a chain. The porosity property accordingly disappeared. No
typical isotherms with hysteresis loops were observed in
nitrogen sorption experiment (Fig. S3D†). The BET surface area
was only 0.02 m2 g�1. High resolution TEM on adjacent grains
indicates the intergrowth of Zn2TiO4 (Fig. 1O) and r-TiO2

(Fig. 1Q) grains in one chain, forming a heterojunction struc-
ture (named as r-TiO2 supported Zn2TiO4). They are both of
single crystallinity conrmed by SAED (Fig. 1P for Zn2TiO4;
Fig. 1R for r-TiO2). The formation of r-TiO2 supported titanate
obtained by post-treatment at elevated temperature was
analogue to previous report on TiO2 supported Ce2Ti2O7.15

To date, a variety of routes have been developed to prepare
zinc titanate (ZnxTiyOz) in the form of bulk solid ceramics,
nano/microcrystalline powders, thin lms, such as solid state
reaction method,31,32,56 sol–gel processing,24–30 metallo-organic
deposition (MOD) technique,38 radio frequency magnetron
reactive sputtering.59 However, only a few studies have reported
on the shape and size-controlled synthesis. Zinc titanate bers
were prepared by electrospinning.60 Zn2Ti3O8 nanowires were
obtained via an ion-exchange reaction between the NaxH2�x-
Ti3O7 nanotubes and a Zn2+ contained ammonia solution.58

Twinned Zn2TiO4 nanowires were synthesized using ZnO
nanowires as a template or by an ordered assembly of
88598 | RSC Adv., 2015, 5, 88590–88601
nanobricks, respectively.61,62 One SSP route to zinc titanate lms
through sol–gel processing of Zn–Ti–POBC bimetallic complex
was previously reported.20 The temperature-dependent struc-
ture evolution of ZnTiO3 by small angle X-ray scattering (SAXS)
illustrated the advantage of SSP route to avoid the phase sepa-
ration into regions with different compositions on the nano-
scale level in the gel stage, compared tomaterials prepared from
two individual precursors.20 In contrast, the SSP route presented
herein benets over the shape preservation of the precursors
and in situ intergrowth of different phases (i.e. heterostructures)
under suitable calcinations due to the connement in the
specic microrod domains.
3.3 Optical absorption and band gaps

The UV-visible Kubelka–Munk corrected diffuse reectance
spectra of Zn2Ti3–GAH, Zn2Ti3O8, r-TiO2 supported h-ZnTiO3

and r-TiO2 supported Zn2TiO4 are shown in Fig. 6 at their
absorption edges. These are associated with the O / Ti and O
/ Zn charge transfer transitions, from which the band gap can
be determined.15 In agreement with the single phase charac-
teristic, Zn2Ti3–GAH and Zn2Ti3O8 both show a steep absorp-
tion edge while r-TiO2 supported h-ZnTiO3 and r-TiO2

supported Zn2TiO4 exhibit step-like edge due to the phase
separation. The band gap was estimated directly by extrapola-
tion of the absorption edge data to the energy axis (Fig. S13†).
Zn2Ti3–GAH and Zn2Ti3O8 show the band gaps of 3.84 and 3.66
eV, respectively. The nature of electronic transitions were
checked by tting the absorption edges to the well-known “a ¼
B(hn � Eg)

n/hn” equation, where a is the linear absorption
coefficient (F(R), the Kubelka–Munk function, for an innitely
thick material), B is a proportionality constant, hn (in eV) is the
photon energy at each point of the scan and Eg (in eV) is the
energy of band gap.7 An excellent t was got for the exponent
This journal is © The Royal Society of Chemistry 2015
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n ¼ 2 and none at all for n ¼ 0.5, which suggests that both
Zn2Ti3–GAH and Zn2Ti3O8 feature allowed indirect band gap
transition. Using the same extrapolation method, two band gap
values of 3.08 and 3.75 eV were determined for r-TiO2 supported
h-ZnTiO3, and 3.03 and 3.54 eV for r-TiO2 supported Zn2TiO4.
The band gap of around 3.0 eV coincides with the value reported
for rutile phase and thus,7 h-ZnTiO3 and Zn2TiO4 have the band
gap of 3.75 and 3.54 eV, respectively, which are comparable to
previous reports.59,63 Additionally, it can be clearly seen in Fig. 6
that the sample of r-TiO2 supported Zn2TiO4 has much stronger
r-TiO2 related absorption than that in r-TiO2 supported h-
ZnTiO3. Indeed, the former has a much higher content of r-TiO2

than the latter due to further thermal decomposition of h-
ZnTiO3 at elevated temperature.

3.4 Photocatalytic properties

The photocatalytic activities of Zn2Ti3–GAH, Zn2Ti3O8, r-TiO2

supported h-ZnTiO3 and r-TiO2 supported Zn2TiO4 were
evaluated at room temperature through the photo-
degradation of the dye MB aqueous solution under UV
Fig. 7 (A) Methylene blue (MB) photodegradation by C/C0 as a func-
tion of the reaction time under �29.2 mW cm�2 UV irradiation of a Hg
lamp and (B) fitting plots of initial ln(C/C0) versus time data to the
pseudo-first order reaction rate law (ln(C/C0) ¼ �Kt), where K is the
rate constant (s�1), C0 is the initial concentration of MB after the
equilibrium absorption, and C is the concentration of MB at time t: ( )
MB solution without catalyst, ( ) using Degussa P25 TiO2 as the
photocatalyst, ( ) using Zn2Ti3–GAH as the photocatalyst, ( ) using
Zn2Ti3O8 as the photocatalyst, ( ) using r-TiO2 supported h-ZnTiO3 as
the photocatalyst and ( ) using r-TiO2 supported Zn2TiO4 as the
photocatalyst.

This journal is © The Royal Society of Chemistry 2015
irradiation, as shown in Fig. 7. The Zn2Ti3–GAH showed no
UV photoactivity with similar self-degradation to homoge-
neous MB. In contrast, all of the thermally treated products
exhibited enhanced activity. The heterostructures contained
samples had much higher activity. Particularly, r-TiO2 sup-
ported h-ZnTiO3 even bearing smaller specic surface area
than the sample of Zn2Ti3O8 and lower content of r-TiO2

than r-TiO2 supported Zn2TiO4 was but more photoactive,
and nearly degraded all of the given MB in 20 min, which
was comparable to the commercially available Degussa P25
TiO2. Titania generally shows higher photocatalytic activity;
however, herein the higher content of r-TiO2 in the sample
of r-TiO2 supported Zn2TiO4 did not accordingly exhibit
enhanced photocatalysis. This implies that h-ZnTiO3 is
a more efficient UV catalyst than both Zn2Ti3O8 and Zn2TiO4,
or most probably the occurring heterojunction of r-TiO2–h-
ZnTiO3 benets over the effective separation of photo-
generated charge carriers of electron–hole pairs, which
would migrate to the surface of materials and initiate the
catalytic reaction with surface adsorbed materials. As shown
in Fig. 7B, the tting of the initial ln(C/C0) versus time data to
the pseudo-rst order rate law gave the apparent rate
constant K in each photodegradation reaction. The value of r-
TiO2 supported h-ZnTiO3 was �27.3% of commercially
available Degussa P25 TiO2.
4. Conclusions

In summary, we facilely synthesized one new heterobimetallic
complex of zinc titanium glycolate acetate hydrate by room-
temperature homogeneous precipitation via the reaction of
titanium glycolate precursors with zinc glycolate acetate species
in EG (HOCH2CH2OH) solution and tentatively denoted it as
Zn2Ti3(OCH2CH2O)4(OCH2CH2OH)5(CH3COO)3$2HOCH2CH2-
OH$H2O on the basis of extensive characterizations on chem-
ical composition, crystal structure, morphology, growth mech-
anism and thermal behaviors. The obtained Zn2Ti3–GAH was of
highly crystalline monoclinic phase and porous microrod
morphology. Thermal decomposition of SSP of Zn2Ti3–GAH
produced different phases of zinc titanate with the rod-like
morphology preserved up to �700 �C. Cubic phase of
Zn2Ti3O8 was obtained by calcining at 500 �C, while rutile TiO2

(r-TiO2) supported hexagonal phase of ZnTiO3 (h-ZnTiO3) were
produced at 700 �C. The r-TiO2 supported Zn2TiO4 were further
yielded in the form of dispersed particles or chains at higher
temperature (950 �C 3 h). Beneting from the SSP route and the
connement of specic microrod domains of Zn2Ti3–GAH
precursors, some heterostructures of r-TiO2–ZnTiO3 and r-TiO2–

Zn2TiO4 were formed during the programmable calcination.
The photocatalysis against degradation of MB indicated that the
thermally treated products of zinc titanate possessed enhanced
activity. Specially, r-TiO2 supported h-ZnTiO3 displayed the
reaction rate constant of 0.00163 s�1, which was comparable
with that of commercially available Degussa P25 TiO2. This
probably related to the more effective charge separation in the r-
TiO2–ZnTiO3 heterostructure assembled in the microrods.
RSC Adv., 2015, 5, 88590–88601 | 88599
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