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To investigate the Zn dopant and nanotube morphology effects of TiO2 in electrochemical hydrogen production from the photo-
splitting of methanol/water solution, we have designed a Zn-incorporated TiO2 nanotube (Zn-TNT) photocatalyst. The TNT
and Zn-TNT materials had a width of 70∼100 nm. The hydrogen production over the Zn-TNT photocatalysts was higher than
that over the TNT; specifically, 10.2 mL of H2 gas was produced after 9 hours when 0.5 g of 0.01 mol% Zn-TNT was used. The
zeta-potential values in aqueous solution determined by electrophoretic light scattering (ELS) had negative surface charges, which
was related to the surface stability, and the absolute value was the largest in 0.01 mol% Zn-TNT. On the basis of UV-visible and
photoluminescence (PL) spectra results, the high photoactivity of Zn-TNT was attributed to the shift toward the visible region and
increase of PL intensity due to the increased number of excited electrons and holes.

1. Introduction

Hydrogen is likely to become an increasingly used energy
source due to its environmental friendliness. Therefore, the
technology for generating hydrogen by the photosplitting
of water using a photocatalyst has attracted considerable
research attention. The photocatalytic formation of hydro-
gen and oxygen on semiconductors such as TiO2 [1–5] and
MTiO3 [6–10] has been studied extensively due to the low
bandgap and high corrosion resistance of these semiconduc-
tor materials. However, the photocatalytic decomposition
of water on a TiO2 photocatalyst is ineffective because the
amount of hydrogen produced is limited by the rapid recom-
bination of holes and electrons, resulting in the formation
of water. In order to overcome this rapid recombination, the
noble metals (Ag, Pd, Pt, and Ga) loaded TiO2 photocatalysts
[11–14] have used in methanol or ethanol photodecompo-
sition, rather than water which has relatively high activity
and chemical stability under UV irradiation. However, the

hydrogen production remains uneconomically low, and no-
ble metals are too expensive. Therefore, new and inexpensive
photocatalysts need to be developed that are environmentally
friendly and possess greater hydrogen-producing activity
under visible light irradiation.

Nanotubes materials have recently been applied on pho-
tocatalysis [15–17]. Xu et al. [15] reported an efficient Cu-
incorporated TiO2 nanotube (Cu-TNT) photocatalyst for
H2 production, with an average H2 generation rate re-
corded across a 4-hour reaction of between 15.7 and
40.2 mmol h−1 g−1 catalyst, depending on the initial Cu/Ti
ratio in the solution, which was optimized at 10 atom%. Sang
et al. [16] have also researched the photoelectrochemical
hydrogen evolving over C- and N-doped TNT arrays elec-
trode: C-TNT could harvest more light and produce more
photoactive sites than N-TNT, which also made the charge
transfer resistance in C-TNT larger than that in N-TNT.
As the result, under UV-vis light irradiation, the average
hydrogen generation rate of C-TNT was 282 μL h−1 cm−2.
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However, little research has been conducted on metal-TNT,
and the correlation between TNT properties and hydro-
genation performance has barely been addressed.

In this study, Zn-incorporated TNT (Zn-TNT) was syn-
thesized using Zn-TiO2 nanosized particles as starting mat-
erials with three molar ratios of Ti/Zn. The relationship
between the spectroscopic properties of the nanotube par-
ticles and the photocatalytic performance for the production
of H2 was examined by X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), UV-visible spectroscopy,
photoluminescence (PL), electrophoretic light scattering
(ELS), and cyclic voltammetry (CV).

2. Experimental

To synthesize the TNT and Zn-TNT, all the nanosized parti-
cles of TiO2 and Zn-incorporated TiO2 were prepared using
a hydrothermal treatment as shown in Figure 1(a). First,
the nanometer-sized TiO2 and Zn-TiO2 with various mol
fractions of zinc (0.1, 0.01, and 0.001 mol-%) were prepared
using a solvothermal treatment: titanium tetraisopropoxide
(TTIP, 99.95%, Junsei Chemical, Japan) and zinc acetate
(Zn(CH3COO)2·2H2O, 99.99%, Junsei Chemical, Japan)
were used as the titanium and zinc precursors, respectively,
and ethanol was used as the solvent. After 0.1, 0.01, and
0.001 mol-% of zinc acetate and 1.0 mol TTIP were added
stepwise to 250 mL of ethanol, the mixture was stirred
homogeneously for 2 h. Acetic acid was added and the
pH was maintained at 4.0 for rapid hydrolysis. The final
solution was stirred homogeneously for 2 h and moved to an
autoclave for thermal treatment. TTIP and zinc acetate were
hydrolyzed during thermal treatment at 200◦C for 8 h under
a nitrogen environment with a pressure of approximately
15.0 atm. The resulting precipitate was washed with distilled
water until the pH was neutralized at 7.0 and then dried
at 80◦C for 24 h. Next, the general preparation methods
of TNT and Zn-TNT powders have been described in the
literature [18]. Prepared TiO2 or Zn-TiO2 particles were
added in 10.0 M NaOH aqueous solution (Figure 1(b)), and
the mixture was stirred homogeneously for 2 h and moved
to an autoclave for thermal treatment at 130◦C for 24 h The
resulting precipitate was washed with HCl solution until the
pH = 7.0 and then dried at 80◦C for 24 h. The TNT or Zn-
TNT was in the form of multiwalled scroll nanotubes with an
average width of about 70–100 nm.

The synthesized powders were examined by XRD (MPD,
PANalytical) with nickel-filtered CuKα radiation (30 kV,
30 mA). The sizes and shapes of the TNT and Zn-TNT were
measured by a transmission electron microscope (TEM; H-
7600, Hitachi) operated at 120 kV. UV-visible spectra were
obtained using a Cary500Scan (Varian) spectrometer with
a reflectance sphere in the range of 200∼800 nm. PL spec-
troscopy measurements were obtained using a LabRamHR
(Jobin Yvon) spectrometer in the range of 200∼700 nm to
examine the number of photoexcited electron hole pairs for
all of the samples. The specific surface area was calculated
according to the Brunauer-Emmett-Teller (BET) theory that
gives the isotherm equation for multilayer adsorption by

generalization of Langmuir’s treatment of the unimolecular
layer. The BET surface area was measured using a Belsorp
II-mini (BEL, Japan inc.) equipped with a TCD instrument.
The CV results were obtained using a BAS 100B instrument
at room temperature and a scan rate of 100 mV/s with
0.1 M KCl as the supporting electrolyte, platinum wires as
the working and counter electrodes, and Ag/AgCl as the
reference electrode. Zeta potentials of the TNT and Zn-
TNT were determined by electrophoretic mobility using an
electrophoresis measurement apparatus (ELS 8000, Otsuka
Electronics, Japan) with a plate sample cell. ELS determina-
tions were performed with the reference beam mode and a
laser light source wavelength of 670 nm, modular frequency
of 250 Hz, and scattering angle of 15◦. The standard error
of the zeta potentials, converted from the experimentally
determined electrophoretic mobility according to the Smolu-
chowsk [19] limit of the Henry equation, was typically <1.5%
and the percent error <5%. To measure the zeta potentials,
0.1 wt% of each sample was dispersed in deionized water
and the solution pH was adjusted with HCl or NaOH. The
relative molecular diameter size distributions of the various
solutions were also measured by this equipment. The zeta
potential distributions were obtained by averaging 2 or 3
runs.

The photosplitting of methanol/water was carried out
using a liquid photoreactor designed in our laboratory. For
water photosplitting, 0.5 g of the powdered TNT and Zn-
TNT photocatalysts was added to 1.0-L of distilled water in a
2.0-L Pyrex reactor. UV-lamps (6× 3 W cm−2 = 18 W cm−2,
30 cm length × 2.0 cm diameter; Shinan, Korea) emitting
radiation at 365 nm were used. Water photosplitting was
carried out for 9 h with constant stirring. Hydrogen evo-
lution was measured after 1 h. The hydrogen gas (H2)
produced during water photosplitting was analyzed using a
TCD-type gas chromatograph (GC, model DS 6200; Donam
Instruments Inc., Korea). To determine the products and
intermediates, the GC was connected directly to the water
decomposition reactor under the following GC conditions:
TCD detector, Carbosphere column (Alltech, Deerfield, IL),
413 K injection temp., 393 K initial temp., 393 K final temp.,
and 423 K detector temp.

3. Results and Discussion

Figures 2(a) and 2(b) show the XRD patterns of the Zn-
TiO2 nanoparticles (Zn-TNP) and Zn-TNT. The anatase
structure in both TNP and TNT without Zn element had
main peaks at 24–25.3, 38.0, 48.2, 54, 63, and 68◦2θ, which
were assigned to the (d101), (d004), (d200), (d105), (d211), and
(d204) planes, respectively [20, 21]. The peak intensities of
the anatase structures were decreased and slightly shifted
to high angles with increasing Zn content. Two special
peaks (JSPDF#251164), which were assigned to Zn2TiO4 at
2 θ = 28.5(d220) and 34.5(d311) in 0.1 mol% Zn-TNP and
Zn-TNTs, were attributed to the good connection between
Zn and the TiO2 framework. Following a literature [18], an
H2Ti2O5 (d003, JSPDF#360654) peak also appears at same
location to 28∼29◦ of Zn2TiO4 in TNT and Zn-TNT because
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Figure 1: Synthesis procedure of (a) the Zn-incorporated TiO2 nanoparticles (Zn-TNP) and (b) the Zn-incorporated TiO2 nanotubes (Zn-
TNT).
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Figure 2: XRD patterns of synthesized Zn-TNP (a) and Zn-TNT (b): (a) TNP, (b) 0.001 mol% Zn-TNP, (c) 0.01 mol% Zn-TNP, (d)
0.1 mol% TNP, (e) TNT,(f) 0.001 mol% Zn-TNT, (g) 0.01 mol% Zn-TNT, and (h) 0.1 mol% Zn-TNT.

treating TiO2 or Zn-TiO2 with concentrated NaOH solution
preferentially ruptured the longer Ti–O bonds due to the
action of the OH− ions. Linear fragments were formed
and linked together by O−–Na+–O− ionic bonds to form
planar fragments that peeled off from the TiO2 crystalline

particles. The (–Ti–O–Ti–O–Ti–O–)x chains included in the
planar fragments were rendered flexible by the covalent
link between their end groups, so that they formed a
thermodynamically stable product, that is, solid nanotube
Na2Ti2O4(OH)2, indicating that the monolayer nanotube
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Figure 3: TEM images of synthesized Zn-TNP and Zn-TNT: (a) TNP, (b) TNT, (c) 0.001 mol% Zn-TNP, (d) 0.001 mol% Zn-TNT, (e)
0.01 mol% Zn-TNP, (f) 0.01 mol% Zn-TNT, (g) 0.1 mol% Zn-TNP, and (h) 0.1 mol% Zn-TNT.

may have acted as the template for the multilayer nanotubes.
Such a formation process of nanotube Na2Ti2O4(OH)2 was
evident. After replacing Na+ with H+ using HCl solution at
pH 1, the nanotube H2Ti2O5 finally appeared due to the
water elimination.

TEM images (Figure 3) show the particle shape of the
TNP and Zn-TNP, and the pore shape and size of the TNT
and Zn-TNT. TNP exhibited a mixture of rhombic and
spherical particles of size distribution within the range of 5–
10 nm, and increasing size and cubic shape as the Zn content
was increased. The tube pore dimensions observed by TEM
were a width of about 70–100 nm, otherwise, the tube widths
were wide corresponds of Zn addition.

Figures 4(a)–4(d) show the adsorption-desorption iso-
therms of N2 at 77 K for TNT and the three Zn-TNT
samples. The figure illustrates the shape and behavior of
the N2 adsorption isotherms for nonporous and nanotube
materials. All the isotherms belong to IV types in the IUPAC
classification [22]: the isotherm has been widely used, and
a certain hysteresis slope can be observed at intermediate
and high relative pressures in TNT, which is indicative of
the presence of large nanopores (tubes) (type IV in the
IUPAC classification). The adsorption and desorption lines
for TNT and Zn-TNT overlapped completely in the low
relative pressure range, while the hysteresis loop was in the
high relative pressure region (P/P0 > 0.4), mainly due to
the presence of ink-bottle pore types that have a larger
pore size in the bottle body, which induces hysteresis in
the high relative pressure region [22, 23]. The BET surface
areas of Zn-TNT were increased with increasing Zn content,
although the total pore volume did not show any consistent

trend. The pore size distribution (PDS) is an important
characteristic for porous materials. Among the various
methods that have been reported by researchers to identify
the PDS of porous materials, BJH and Comparison Plots
[24, 25] are the most suitable for the range of nanopores. The
relative pressure at which pore filling takes place by capillary
condensation can be calculated from Kelvin’s equation [26],
according to which the pore radius in which the capillary
condensation occurs actively can be determined as a function
of the relative pressure (P/P0). The mean pore diameter, Dp,
was calculated from Dp = 4VT/S, where VT is the total
volume of pores, and S the BET surface area. This was shown
by the variation in the average pore diameter value, Dp,
between 7.66 and 15.58 nm (Table 1).

Figure 5(b) summarizes the evolution of H2 from meth-
anol/water photosplitting over the TNT and Zn-TNT photo-
catalysts in a batch-type, liquid photoreactor system (Fig-
ure 5(a)). A very small amount of H2 was collected over TNT
after methanol/water photodecomposition for 9 h, while a
significant amount of H2 gas was collected over Zn-TNT.
The amount of H2 produced reached 10.2 mL over 0.5 g of
0.01 mol% Zn-TNT, and consequently the emitted rate for
hydrogen production was 0.225 mmol h−1 g−1 in 0.01 mol%
Zn-TNT photocatalytic system. This result is significant
compared to the results that 120∼281μL h−1 of hydrogen
gases were produced over H-, N-, and C-TNT photocatalysts
in reports by Sang et al. [16, 17]. While the amount produced
was lower on the 0.1 mol% Zn-TNT catalysts with higher
loadings, possibly because of the structural damage. The
use of two semiconductors, Zn and Ti oxides, with dif-
ferent redox energy levels, in contact, can be considered
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Figure 4: Adsorption-desorption isotherms of N2 at 77 K for TNT and Zn-TNT: (a) TNT, (b) 0.001 mol% Zn-TNT, (c) 0.01 mol% Zn-TNT,
and (d) 0.1 mol% Zn-TNT.

Table 1: Surface areas and average pore-diameter for TNT and Zn-TNT calculated by BET method.

BET multipoint surface
area [m2g−1]

Total pore volume
(P/P0 = 0.990) [cm3g−1]

Average pore diameter
[nm]

TNT 104.21 0.2325 8.9262

0.001 mol% Zn-TNT 118.21 0.4605 15.583

0.01 mol% Zn-TNT 135.71 0.428 12.615

0.1 mol% Zn-TNT 153.01 0.293 7.66

a promising method to improve charge separation and in-
crease the lifetime of the charge carriers. Consequently, it
enhances the efficiency of the interfacial charge transfer to
the adsorbed substrate. For efficient inter-particle electron
transfer between the semiconductor, which is considered the
ZnO and TNT, the conduction band of TNT must be more
anodic than the corresponding band of the ZnO. Under
visible irradiation, only the ZnO is excited, and electrons
generated to their conduction band are injected into the
inactivated TNT conduction band. If the valance band of the
ZnO is more cathodic than that of TNT, the holes generated

in the semiconductor remain there and cannot migrate
to TNT. These thermodynamic conditions favor electron
injection. Additionally, the tube-shaped TNT offers a larger
surface area, and with the increasing affinity of methanol,
the performance degradation is eventually considered to be
higher.

Tables 2 and 3 and Figure 6 depict the influence of pH
on the position of the zeta potential distribution median of
TNT and Zn-TNT. The zeta potential of TNT suspension
was significantly decreased with increasing pH. The surface
charges were transferred from positive in acidic solution
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Figure 5: The evolution of H2 from methanol/water photosplitting over the TNT and Zn-TNT photocatalysts in a batch-type liquid
photoreactor system. (a) Photoreactor system for hydrogen production from methanol aqueous solution and (b) hydrogen production
from methanol aqueous solution according to the time on stream: (A) TNT, (B) 0.001 mol% Zn-TNT, (C) 0.01 mol% Zn-TNT, and (D)
0.1 mol% Zn-TNT.
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pH.

to negative in alkali solution. For 0.01 mol% Zn-TNT, the
isoelectric point was at pH 5.3 with large aggregation, but
otherwise at pH = 7.0. The surface charge had the highest
absolute value of −21.41 mV, which indicated that the
0.01 mol% Zn-TNT colloidal was stable [27, 28] having less
aggregation. Table 3 summarize the zeta-potential values
and aggregated diameter sizes for all samples at pH = 7.0
as determined by ELS. The Zn-TNT particles ranged from
−18.86 to −21.41 mV on the surface and the particles were

Table 2: Zeta-potential values and aggregated diameter sizes for
0.01 mol% Zn-TNT according to pH, as determined by ELS.

Zeta potential (mV) ELS diameter (nm)

pH = 3 9.28 3641.8

pH = 5 2.87 8385.4

pH = 7 −21.41 709.2

pH = 9 −18.44 687.5

pH = 11 −18.81 664.5

Table 3: Zeta-potential values and aggregated diameter sizes for all
samples at pH = 7.0, as determined by ELS.

Samples at pH = 7 Zeta potential (mV) ELS diameter (nm)

TNT −18.44 468.2

0.001 mol% Zn-TNT −18.86 728.0

0.010 mol% Zn-TNT −21.41 709.2

0.100 mol% Zn-TNT −19.07 618.2

suspended with high charge with the increase of the Zn
gradient. The zeta-potential was maximized at −21.41 mV
in the 0.01 mol% Zn-TNT suspension. The zeta potential
and mobility of the Zn-TNT particles were relatively high for
electrophoretic display compared to those of TNT.

The absorption band of TNT and Zn-TNT for the
tetrahedral symmetry of Ti4+ normally appeared at approx-
imately 350∼400 nm (Figure 7(a)). The maximum absorp-
tion bands in Zn-TNT were slightly shifted to a shorter
wavelength than those of TNT but a broadened tail appeared
in Zn-TNT. Bandgaps in semiconductor materials are
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Figure 7: UV-visible and PL spectra of TNT and Zn-TNT: (a) UV-visible spectra of TNT and Zn-TNT and (b) photoluminescence (PL)
spectra of TNT and Zn-TNT.

closely related to the wavelength range absorbed, where the
bandgap decreases with increasing absorption wavelength.
The bandgaps obtained by extrapolation based on the Tauc
equation [29] in TNT and 0.01 mol% Zn-TNT were about
3.54 eV and 3.44 eV, respectively. A shorter bandgap eases
the movement of excited electrons from the valence band to
the conduction band on the surface, which occurs despite
the weaker visible radiation. Otherwise, the recombination
between electron and hole is faster for a smaller bandgap,
which decreases the photocatalytic performance. Figure 7(b)
presents the PL spectra of TNT and Zn-TNT. The PL
curve indicates that the electrons in the valence band were
transferred in an excited state to the conduction band and
then stabilized by photoemission. In general, an increased
number of emitted electrons resulting from the recombina-
tion between excited electrons and holes increases the PL
intensity and thus decreases the photoactivity. Therefore,
there is a strong relationship between PL intensity and
photoactivity. However, in the presence of a metal that can
capture excited electrons or exhibit conductivity, known as
the relaxation process, the PL intensity decreases to a greater
extent. In Figure 7(b), the PL curve of Zn-TNT was similar to
that of TNT with an emission at 400 nm. The PL intensity of
Zn-TNT was larger and maximized in 0.01 mol% Zn-TNT.

The utility of the CV results shown in Figure 8(a) is
highly dependent on the analytic condition being studied,
and it has to be redox active within the experimental

potential window. It is desirable to display a reversible wave
in order to provide the following information. The reversible
reactions display a hysteresis of absolute potential between
the reduction (Epc) and oxidation (Epa) peaks. Reversible
reactions show a ratio of the peak currents passed at
reduction (ipc) and oxidation (ipa) that is near unity
(1= ipa/ipc). When such reversible peaks are observed, ther-
modynamic information in the form of half-cell potential,
E0

1/2(Epc +Epa/2) can also be determined [30, 31]. In partic-
ular when, waves are semi-reversible, such as when ipa/ipc is
less than or greater than 1, it can be possible to determine
more information about the kinetic processes. In this study,
the oxidation potentials were measured by means of CV
in distilled water solutions of the 0.2 mM complex using
a pelletized sample as the working electrode, Ag/AgCl as
the reference electrode, and 0.1 M KCl as the supporting
electrolyte. The electronic parameters for CV are listed in
Table 4. The synthesized TNT and Zn-TNT exhibited the
Ti(IV) → Ti(III) redox process for a reversible reaction,
and the absolute potentials between the reduction (Epc) are
seen at −0.79, −0.43, −0.46, and −0.41 eV in TNT, and
0.001 mol%, 0.01 mol%, and 0.1 mol% Zn-TNT samples,
respectively.

Recently, some researchers have reported a useful equa-
tion that can be used to determine the energy levels of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) using CV [31]. The
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Figure 8: CV of TNT and Zn-TNT (a) and an expected potential energy diagram based on UV-visible spectra and CV (b): (A) TNT, (B)
0.001 mol% Zn-TNT, (C) 0.01 mol% Zn-TNT, and (D) 0.1 mol% Zn-TNT.

Table 4: Bandgap and HOMO-LUMO values based on CV and UV-visible spectroscopy.

eV TNT 0.001 mol% Zn-TNT 0.01 mol% Zn-TNT 0.1 mol% Zn-TNT

Ag/AgCl (LUMO) −0.79 −0.43 −0.46 −0.41

HOMO 2.75 3.02 2.98 2.96

Bandgap 3.54 3.45 3.44 3.37

results of the CV curve and UV-visible spectra are presented
in Table 4, and Figure 8(b) is plotted based on these data.
The bandgap of Zn-TNT was shorter than that of pure TNT,
particularly 0.01 mol% Zn-TNT, and its valence and conduc-
tion bands were at lower energy levels than those of TNT.
This indicated that the energy level of the electrons excited
from the valence band during photocatalysis was further
elevated, which increased the hole effect at the valence band
to a much greater extent than that in TNT. These phenomena
consequently increased the evolution of OH radicals formed
from the electrons and holes, and the resulting increase
in the degradation rate of methanol and water eventually
enhanced the photocatalytic performance. Therefore, the
photocatalytic activity was enhanced over Zn-TNT.

4. Conclusions

Zn-TNT was synthesized using Zn-TNP loaded with three
different molar ratios on nanosized TiO2. As shown by

TEM observation, the morphology of Zn-TNT was a regular
tube shape with a length of 1∼2 μm and width of 70–
100 nm. The UV-visible spectra and CV results revealed
that the bandgap in TNT and 0.01 mol% Zn-TNT was
about 3.54 and 3.44 eV, and the LUMO energy levels
were calculated as −0.79 and −0.43 eV, respectively. The
zeta potential and mobility of the Zn-TNT particles were
relatively high for electrophoretic display, compared to those
of TNT. The zeta-potential was maximized at −21.41 mV
in the 0.01 mol% Zn-TNT suspension. These spectroscopic
properties facilitated the collection of a significant amount
of H2 gas (10.2 mL) over 0.5 g of the 0.01 mol% Zn-TNT
catalyst.
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