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ABSTRACT: A microporous amorphous-based titania composite
photocatalysts has been fabricated using a facile low-temperature (120
°C) synthetic method. Notably, we have successfully prepared the
various stages of the amorphous/crystalline heterostructure by simply
adjusting the pH value. The high-pH sample favors the formation of
amorphous based titania composite structure. Additionally, the BET
surface area of the sample increases with the increasing of the pH value,
reaching a maximum of 358 m® g~' when the pH value is 12.
Unexpectedly, the H, productivity of amorphous-based composite
photocatalyst without noble metal co-catalyst increases significantly
with the increasing pH value, which is attributed to the quickly
increasing amorphous, and the highly active catalytic centers created by
the synergistic effect between crystalline TiO, and amorphous ZnO.
This study demonstrates that it is possible to improve the properties of
the amorphous-based composite photocatalyst by properly modifying the synthesis conditions. The approach presented herein
can be applied to the research of controlled amorphous-based composite photocatalytic systems.
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1. INTRODUCTION is similar to that of TiO,. Therefore, nanocomposites of ZnO/
TiO, can be a more powerful photocatalysts under solar
irradiation in aqueous system.”*?” The previously reported
ZnO/TiO, composite photocatalysts usually combine crystal-
line ZnO with crystalline TiO, to form core—shell structures or
other heterostructures.”®>° Moreover, amorphous have been
applied in many fields because it owns unique electronic
structures,>** and it has been reported that different crystal
structures of ZnO/TiO, composite photocatalyst can be
obtained by modified the Ti/Zn ratio, it is found that it will
create a effective catalytic center for ZnO/TiO, heterostructure
when ZnO is amorhous state.'"' And some researchers also
reported that combining crystals with amorphous materials will

route for improving the photocatalytic activity of TiO, because improve the catalytic performanc3e3 _11315 many fields because of a
of their excellent performance in extending the light response synergistic action between them. Therefore, further study
and improving the separation of photogenerated electrons and of the ZnO/TiO, composite is of great interest, especially using
holes in comparison with single-phase photocatalysts.*' > ZnO in amorphous state.

Heterostructures composed of coupled titania and zinc oxide Furthermore, because of porosity and BET surface area

Photocatalytic water-splitting has attracted great interest
because the efficient generation of hydrogen using solar light
can serve as a renewable energy resource. * Titania has been
widely used in photocatalystic water splitting because of its low
price, facile synthesis, and high chemical stability.”~"" However,
because of the low separation efficiency of the photoexcited
charge carriers, most titania photocatalysts exhibits low
efficiency or instability for photocatalystic water splitting. Ion
doping, surface modification, and the use of different hybrid
heterostructures have been used to improve the performance of
photocatalysts.'> >° Among these approaches, hybrid semi-
conductor heterostructures have been recognized as an effective

have attracted great interest in recent years due to their similar facilitates electron transfer and provides a plenty interface for
structures and effective photocatalystic activity.”*>* Because of reactions, thus it also play an important role in improving the
the potential applications in advanced devices and systems,
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photocatalyst activity.*® For water-splitting, using two different
semiconductor photocatalysts, the increased lifetime of the
photoproduced pairs due to the photogenerated hole and
electron transfer between the two coupled semiconductors is
invoked in many cases as the key factor for the photoactivity
improvement. Thus, the photocatalytic activities strongly rely
on the surface physicochemical properties, such as the type of
phases, the porosity, and the surface area.

Generally, most photocatalytic water-splitting requires noble
metal co-catalysts for photocatalytic hydrogen generation
because noble metals can promote effective charge separation.
However, using noble metals increases the cost of the catalyst,
thus it is unsuitable for large-scale production and application.
Unexpectedly, we found a facile low-temperature method for
the in situ synthesis of microporous amorphous ZnO based
titania composite catalysts with amorphous/crystalline struc-
ture. This novel photocatalyst configuration exhibits excellent
photocatalytic activity for hydrogen evolution from photo-
catalystic water splitting without noble metal co-catalyst.
Moreover, we also identified the transformation of the
amorphous/crystalline heterostructure by adjusting the pH
value.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The detailed experimental description
can refer to the previous paper.ll Here, we fixed the pH value of 12
using a sodium hydroxide solution, and adjusted the TiO,/ZnO molar
ratios to 1/1, 3/1, and 5/1. These samples were marked as TZ1,,,
TZ3,, and TZS}, according to the Ti/Zn molar ratio and pH value
(Ti/Zn = 1, 3, 5; pH 12). Moreover, we also fixed the Ti/Zn ratio of
3/1, and adjusted the pH value from 4, 6, 8, 10, and 12 using
hydrochloric acid and sodium hydroxide solutions. These samples
were marked as TZ3,, TZ34 TZ3g TZ3), and TZ3), according to
their Ti/Zn molar ratio and pH value (Ti/Zn = 3; pH 4, 6, 8, 10, and
12). Pure TiO, and ZnO were prepared by the same procedure
without the addition of Zn and Ti source.

2.2. Characterization Techniques. X-ray diffraction patterns
were performed on a Rigaku D/max-2200VPC diffractometer, and N,
adsorption/desorption isotherms were tested by a Micromeritics
ASAP 2020 surface area. The BET surface area was recorded using the
Brunauer-Emmett-Teller (BET) method. Transmission electron
microscopy (TEM) images were tested by a JEOL-JEM 2010 field
emission transmission electron microscope. X-ray photoelectron
spectroscopy (XPS) was recorded by a Shimadzu ESCA 750
instrument. The UV—vis spectra were obtained by a Perkin-Elmer
Lambda. The FT-IR spectra were recorded on a Bruker Vertex 70 FT-
IR spectrometer. Mass spectrometry was applied to measure hydrogen
using a Pfeiffer OmniStar/ThermoStar GSD 320 instrument. The
photocatalytic H, evolution experiments were tested on a LABSOLAR
II apparatus (Beijing Perfectlight Technology Co. Lte). The light
source is a 300 W xenon lamp (PLS-SEX-300C), which can simulate
solar light irradiation.

2.3. H, Evolution Test. The photocatalytic H, evolution
experiments were carried out on a LABSOLAR II photocatalytic
water-splitting testing system. When it connected with the mass
spectrometer, the mass spectrometer can realize the evolution of H,
and analysis online, as shown in Figure 1. Typically, 10 mg of samples
and 10 mL of methanol were mixed in 90 mL of aqueous solution.
Before the start of the reaction, the air in the system was removed by a
pump, and the H, evolved was periodically analyzed by a mass
spectrometer.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure, Morphology, and Porosity.
Figure 2a shows the XRD spectra of TZl;,, TZ3, and
TZS,,. The XRD pattern of TZ1,, is showed pure amorphous
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Figure 1. Photocatalytic water-splitting testing system.

state. Interestingly, for TZ3,, an obviously amorphous peak
can be observed besides the characteristic peaks of anatase,
implying the existence of an amorphous/crystalline composite
structure of the samples. In contrast, for TZS,,, there exists
only crystalline anatase phase, and the (101) diffraction peak is
shifted to slightly lower angles compared to that of TZ3,, (inset
of Figure 2a), suggesting the expansion of the TiO, lattice. This
expansion could result from the partial doping of Zn cations
into the TiO, lattice by replacing the Ti sites in the lattice when
the Ti/Zn ratio was 5/1. Because the cationic radius of Zn*"
(0.74 A) is slightly larger than that of Ti** (0.61 A), the partial
replacement of Ti*" with Zn®" will result in lattice expansion
and increase the lattice spacing. Fig. 2b shows the XRD
patterns of TZ3,, TZ3, TZ3s TZ3,, and TZ3,,. It can be
found that all the samples exhibit a completely anatase phase,
without any ZnO or other impurities. However, for TZ3g,
TZ3,y, and TZ3,,, the XRD patterns show the mixed diffraction
peaks of the amorphous/crystalline composite structure. The
broadened amorphous peaks are increasingly evident with
increasing pH. However, there is no visible amorphous peak in
the XRD pattern when the pH value is 4 and 6. Therefore, the
phase composition of the intrinsic crystal structure is strongly
dependent on the pH value. At higher pH values, the formation
of amorphous/crystalline composite structures is favored;
conversely, under weakly acidic conditions, the formation of
pure anatase is favored, which is consistent with the TEM
analysis.

As shown in Figure 3, there are two binding energies (BEs)
on the Zn 2p3/2 of TZ1,, and TZ3,, that is 1021.8 and 1021.7
eV, which belong to the characteristic peak of Zn0.*” However,
the XRD patterns only feature an amorphous peak for the
anatase phase, with no characteristic peaks of crystalline ZnO;
therefore, we deduce that the amorphous parts of the
heterostructure are mainly composed of ZnO. The binding
energy of TZS,, can be marked 1021.3 eV, which is caused by
the doping of Zn** into the TiO, lattice with the formation of
Zn—O-Ti bonds.*® Because the electronegativity is different
between Zn and Ti (Zn>Ti), the Zn 2p3/2 of TZS,, showed a
negative shift. The O 1s of TZ1,,, TZ3},, and TZ3}, can be
fitted by three peaks. The peaks at 529.5, 529.6, and 529.9 eV
correspond to the Ti—O bonds, and the peaks at 531.6, S31.5,
and 531.1 eV correspond to the Zn—0O bonds.*” The Ti 2p XPS
spectrum is showm in Figure S1 in the Supporting Information.
Compared to the Zn 2p XPS spectrum, the BE of TZ5,, shows
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Figure 2. XRD patterns of the prepared samples: (a) TZ1,,, TZ3,,, and TZS,; (b) TZ3,, TZ3, TZ3,, TZ3,,, and TZ3,,.
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Figure 3. Zn 2p and O 1s XPS spectra of the TZ1,,, TZ3,,, and TZS,, samples.

a positive shift, which further confirmed the formation of Ti—
O—Zn bonds.

TEM images of TZ1,,, TZ3,, and TZS5,, are shown in
Figure 4. As shown in Figure 4a, TZ1,, contains irregular
particles approximately 50 nm in size, which is composed of
amorphous based on corresponding SAED result. In Figure 4b,
it is interesting to note that crystalline TiO, is clearly visible
and surrounded by copious amounts of amorphous ZnO. The
TEM image of TZS,, is shown in Figure 4c. The sample has a
well-crystallized tetragonal shape, and no amorphous phase can
be observed in the TEM or SAED patterns. Figure 4d shows
the evolution of the crystal structure of the ZnO/TiO,
composites, indicating that the crystalline structures of the
sample with different Ti/Zn ratios undergo an amorphous,
amorphous/crystalline and crystalline transition. The descrip-
tion of the crystal structure is shown in Figure S2 in the
Supporting Information.
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Figure 5 shows the TEM images of the ZnO/TiO,
composites for various pH values. When the pH value is 4 or
6, crystalline TiO, can be obtained, and no amorphous phase
can be found. When the pH value is 8, a small quantity of
amorphous ZnO appears around the TiO,. When the pH value
is 10 or 12, the amorphous ZnO surrounding the TiO,
becomes thicker and more compact. Figure Sf shows the
HRTEM image of the black circle in the TZ3,, image. The
HRTEM reveals clear lattice fringes and a lattice spacing of
approximately 0.351 nm, corresponding to the (101) plane of
anatase. In addition, there are some low-intensity points in the
image, indicating that there exist a lot of defects in the
heterostructure. This can be further confirmed by the
corresponding filtered image (the left image in Figure Sf),
there are extensive defects on the filtered image, which could
help to improve the photocatalytic activity. Figure Sg shows the
evolution of the crystal structure of the ZnO/TiO, composites
with different pH values, indicating that the crystal structure of
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Figure 6. (a) N, adsorption—desorption isotherms and (b) pore size distribution of the prepared samples.
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Table 1. Summary of the Properties of the Samples

sample  BET” (m”*g™') micropore area’ (m? g!)  pore size® (nm)
TZ3, 124 9.8
TZ3, 153 68
TZ34 181 13.6 4.9
TZ3,, 222 48.8 2.9
TZ3, 358 1433 23
TZ1,, 280 105.9 27
TZ5,, 136 13.6 87

pore volume? (cm® g™')

crystalline structure H, evolution (umol h™ g_l)

0.31 anatase 475
0.26 anatase S14
0.22 amorphous/anatase 786
0.14 amorphous/anatase 868
0.19 amorphous/anatase 1081
0.18 amorphous 270
0.29 anatase 536

“Determined using the Brunauer—Emmett—Teller (BET) equation. bT-plot micropore area. “Adsorption average pore width (4 V/A by BET).
dSingle-point adsorption total pore volume of pores at P/P, = 0.99 rates (b).

the ZnO/TiO, composites tends to form a crystalline structure
(anatase) for low pH values, and the characteristics of the
amorphous/crystalline composite becomes more evident at
higher pH values, which is consist with the XRD results.

To yield further insights into the specific surface area and
porosity of the as-prepared TiO,/ZnO heterostructure photo-
catalyst, N, adsorption—desorption measurements were tested.
Figure 6a displays the N, adsorption—desorption isotherms of
the samples. It is shown that TZ3, and TZ34 samples exhibit
Type IV isotherms, and their BET specific surface areas are 124
and 153 m* g7', respectively. In contrast, the isotherms of
TZ3g, TZ3,y, TZ3,,, and TZ1,, belong to the typical Type I
isotherms, implying that the sample is a kind of microporous
material. The micropore areas increase with the increase of the
pH value. The pore size distributions are shown in Figure 6b.
The high-pH sample has a main pore size distribution of ~1.6
nm, whereas the maximum pore sizes of the samples shifted
into larger mesoporous regions when the pH value is 4 or 6.
The pore size distributions are obtained by density functional
theory (DFT).4O The BET surface area, micropore area, pore
size and pore volume are summarized in Table 1, which
indicates that the BET surface area of the sample increases
significantly with the increasing of the pH value. Moreover, the
sample with an amorphous structure (TZ1,,) is microporous,
while the sample with a crystalline anatase structure (TZS,,) is
mesoporous. It is interesting to note that the samples with an
amorphous/crystalline heterostructure (TZ3g, TZ3,, TZ3,,)
also form microporous structures. On the basis of the above
analysis, the large amounts of the amorphousness is likely
responsible for the large BET surface area of the sample with an
amorphous/crystalline composite structure.

3.2. FTIR Analysis. FTIR analysis was used to reveal the
differences in the vibrational properties for different propor-
tions of the ZnO/TiO, composite nanoparticles. Figure 7
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Figure 7. FT-IR spectra of the prepared samples.
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shows the FTIR spectra of the prepared samples. The broad
bands at 3400 and 1630 cm™ are related to surface-adsorbed
water and hydroxyl groups, respectively.* These bands become
slightly stronger as the Ti ratio increases, indicating that a
higher Ti ratio could contribute to increasing the hydroxyl
groups and surface-adsorbed water of titania. The bands at
1404 and 1242 cm™' can be assigned to the symmetric stretches
of the Ti—O bond and Ti—OH bond, respectively.”*"** The
bands at approximately 618 and 456 cm™" are attributed to the
vibration mode of the O—Ti—O band corresponding to the
anatase crystalline titania,* %

3.3. UV-Vis Analysis. Figure 8a shows the UV—vis
absorption bands for the samples prepared with various Ti/
Zn ratios. The absorption bands of the control samples (pure
TiO, and ZnO) are located at 380.1 and 377.8 nm. The TZ1,,
sample, which has a pure amorphous structure, shows one
sharp edges at 337.4 nm. However, for the TZ3,, sample, which
has an amorphous/crystalline composite structure, it is
interesting to note that two absorption edges are located at
345.6 and 376.3 nm. In contrast with the TZ1,, sample, we
deduce that the absorption edges at 345.6 and 376.3 nm result
from the amorphous and amorphous/crystalline composite
structure, respectively. In contrast, for the TZS,, sample, which
has a crystalline structure, the only absorption peak present is
located at 379.3 nm, and the absorption peak corresponding to
the amorphous phase is not present. Figure 8b shows the UV
absorption bands for the prepared samples with various pH
values. The samples with an amorphous/crystalline composite
structure (TZ3g, TZ3,y, and TZ3,,) exhibit two absorption
edges, but these edges are not very obvious for the TZ3, and
TZ34 sample. It is obvious that the number of the absorption
peaks increases from one to two with the pH increases, which is
consistent with the change rule of the crystalline structure of
the samples, as confirmed by the XRD and TEM results, the
characteristic of the amorphous/crystalline heterostructure also
becomes evident with increasing pH. Thus only the sample
with amorphous/crystalline composite structure has two
absorption bands, which could attributed to the amorphous/
crystalline composite structure.

3.4. Enhanced Photocatalytic Properties. The photo-
catalytic activity of the samples was also evaluated for water-
splitting. Fig. 9a displays H, production over samples without
any noble metal cocatalyst. Obviously, the TZ3;, sample shows
the highest H, yield, reaching 8648 ymol after 8 h of irradiation
with no signs of decay. And the photocatalytic activity of TZ3,,
sample is also far higher than that of the control samples (pure
TiO,). Moreover, the sample with amorphous/crystalline
composite structure also showed a higher the H, productivity
of when it is compared with some other similar works with or
without noble metals cocatalyst.**™>* Figure 9b shows the

dx.doi.org/10.1021/am4054095 | ACS Appl. Mater. Interfaces 2014, 6, 4743—4751
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Scheme 1. Configuration Model of the Amorphous ZnO-Based Titania Heterostructure

Lattice defects

HRTEM of TZ312 sample Filtered image
average H, yield per hour. The average hydrogen production the samples under visible light irradiation, and the H, yield is
rate for TZ3), with an amorphous/crystalline composite not as good as the one under the xenon lamp irradiation (eg,
structure reached 1081 pmol h™"' g™, which was nearly four TZ3,,), which could due to the band gaps of the samples did
times that for the amorphous structure. Figure S3 in the not show significant change based on the UV—vis results. Table
Supporting Information shows the photocatalytic activities of 1 summarizes the H, production of the prepared samples.
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3.5. Mechanism Analysis. Ohtani et al. has been reported
that pure amorphous materials usually performs poor catalytic
activity,>> which is consist with the result of the above
photocatalystic test. Although the H, production on TZS,,
TZ3,, and TZ3, is higher than that on TZ1,,, it is still much
lower than that on TZ3g TZ3,, and TZ3,, (amorphous/
crystallite composite structure). This indicates that the
amorphous/crystallite composite structure could play an
important role in photocatalytic activity. Thus, the overall
photocatalytic H, evolution performance is dramatically
improved with increasing pH value due to increasing prevalence
of the amorphous/crystallite composite structure. Moreover,
methanol, as a well-known sacrificial reagent, also plays an
important role in the water splitting system. Figure S4 in the
Supporting Information shows the role of the sacrificial
reagents in the photocatalytic reactions, because methanol
can trap photogenerated holes effectively, and thus methanol
can act as a hole scavenger resulting in H, production.sc,”57 In
addition, it is interesting to note that the outer edge of the
absorption onset of the sample exhibited a systematic blue shift
in the UV-vis spectrum with increasing pH value. It is
commonly assumed that red-shifted absorption peaks corre-
spond to higher photocatalytic activity. However, there is no
perfect correlation between the band-gap energy and photo-
catalytic activity in our results. We attribute the enhanced
photocatalytic activity to the novel configuration of the
amorphous/crystallite ZnO/TiO, heterostructure. There are a
lot of lattice defects on the surface of the amorphous ZnO
based titania heterostructure (a configuration model of the
amorphous ZnO based titania composite structure is shown in
Scheme 1), which serves as an electron trap by capturing
electrons and promotes charge separation for the photocatalytic
reaction. It is known that the activities of photocatalysts can
often be enhanced by noble metal cocatalysts. However, the
numerous unsaturated sites on the surface of amorphous ZnO-
based titania composite structure could play the same role as
the noble metal cocatalysts, as it is also in favor of the charge
transfer and improves the separation of photogenerated
electrons and holes. Moreover, it has been reported that
adsorption and surface reactions occur more easily on
amorphous surfaces than pure crystalline catalysts.*® Samples
with amorphous/crystallite composite structures have a large
micropore area and BET surface area, which is conductive to
absorbing more reagents and provides a large interface for
photocatalytic reactions, facilitating the photocatalytic activity.
Therefore, the samples with an amorphous/crystallite compo-
site structure possess a favorable photocatalytic water-splitting

capability.
4. CONCLUSIONS

In summary, we have developed a simple but efficient method
for preparing a ZnO/TiO, amorphous/crystalline heterostruc-
ture with high photocatalytic activity for the generation of H,
from photocatalytic water splitting without noble metal
cocatalyst. It is interesting to note that the transformation of
the amorphous/crystalline heterostructure can be controlled by
modifying the pH value. The high-pH sample favors the
formation of an amorphous-based titania heterostructure with a
large BET surface area, while the weakly acidic sample favors
the formation of pure anatase. Meanwhile, the sample at a pH
of 12 has an amorphous/crystalline composite structure and
exhibits the highest photocatalytic activity and the largest BET
surface area. It is hoped that this work will lead to the better
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utilization of amorphous structures to synthesize more efficient
amorphous-based nanocomposite photocatalysts for H, gen-
eration from methanol/water-splitting.
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The experimental details, the information of the photocatalytic
water splitting system, the Ti 2p XPS spectra of the TZ1,,
TZ3,, and TZS,, sample (Figure S1), the description of the
crystal structure (Figure S2), the photocatalytic activities of the
samples under visible light irradiation (Figure S3), and the basic
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