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Ratio Dependence of the Visible Light Photocatalytic Efficiency for
Zn2 Ti0.9 Cry Fe[0.1−y] O4 : Cr/Fe (0.02 < y < 0.08) Photocatalyst Synthesized by
Using a Solid State Reaction Method
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We synthesized four different photocatalyst systems of Zn2 TiO4 , Zn2 Ti1−x Fex O4 , Zn2 Ti1−x
Crx O4 (0 ≤ x < 0.8) and Zn2 Ti0.9 Cry Fe[0.1]−y O4 (0.02 < y < 0.08) by using a solid state reaction method. For the first time, the UV-active photocatalyst Zn2 TiO4 was converted to a visible
light active material by controlled doping/co-doping with Cr and Fe metal-ions at Ti substitutional
sites, and investigated the structural, optical and photocatalytic water decomposition properties of
that materials. The co-doping induces strong absorption bands (at λ ∼ 480 nm and λ ∼ 620 nm)
within the Zn2 TiO4 band gap. The optimum system of Zn2 Ti0.9 Cr0.05 Fe0.05 O4 yielded maximum
H2 generation. In contrast to the visible light inactivity of Fe- and Cr-doped Zn2 TiO4 , the H2 production from co-doped samples under visible light irradiation increased till the optimum ‘y’ value.
Consequently, here exists an optimal co-dopant concentration for efficient photocatalytic hydrogen
production under visible light (λ ≥ 420 nm).
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Visible-light (λ ≥ 400 nm)-absorbing photocatalysts
are desirable because they can utilize the useful solar
spectrum for hydrogen production by splitting water and
for related applications [2]. One promising approach
to developing a visible light active photocatalyst is to
tune the optical property of an UV light active catalyst. This has been demonstrated by anionic or cationic
substitutional doping various systems such as TaON [3],
TiO2−x Cx [4], and TiO2−x Nx [5]. For instance, such
doping in TiO2 [6, 7] induces a red-shift in the band gap
of the host lattice, thereby yielding a visible light active
material. Similarly, Anpo et al. [8,9] showed that ion implantation of V, Cr and several transition metals shifted
the absorption edge of TiO2 to the visible light region.
These materials also showed stability against water and
consequent air borne reactions. Owing to the importance
of band gap tuning of UV-active photocatalysts, we se-

I. INTRODUCTION

Titanium containing oxide i.e., TiO2 , is a well accepted system for various potential photocatalyst applications. Coincidently, most titanium containing oxides
work as potent photocatalysts due to the role of the Ti
d-orbital and to its favorable effect on the band energetics. Zinc titanate is one such spinel system that exhibits
interesting photocatalytic properties [1]. Owing to the
favorable role of titanate, we selected spinel Zn2 TiO4 and
converted it to visible light photocatalyst. Further, we
explore here the effect of doping or co-doping Zn2 TiO4
on enhancing its photocatalytic efficiency.
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lected the Zn2 TiO4 system and converted it to a visible
active material, as it is the least studied oxide. Accordingly to recent reports, co-doped materials are known
to display improved optical properties. Motivated by
such work, here we study and demonstrate that it is very
important to optimize the co-dopant metal ratio during
doping in the Zn2 TiO4 lattice. The said optimization is
useful in achieving an efficient visible light photocatalyst.
Consequently, we report here for the first time (i)
the synthesis of Cr-doped, Fe-doped and Cr-Fe co-doped
spinel Zn2 TiO4 photocatalysts of and (ii) an optimization study of the Cr/Fe ratio in the Cr-Fe co-doped
Zn2 TiO4 system. These systems were synthesized by
using a simple solid state reaction method. In the case
of the Zn2 Ti0.9 Cry Fe0.1−y O4 (0.02 < y < 0.08) system,
the Cr/Fe ratio was varied. We show that the optimization of the co-dopant ratio, i.e., ‘y’, is very important
to achieve an efficient Zn2 Ti0.9 Cry Fe0.1−y O4 visible light
photocatalyst. Effectively, these co-doped systems show
a high photo-generation activity of H2 from water under
visible light irradiation (λ ≥ 420 nm). A study of the
optical structure of a Fe-doped, Cr-doped, and Cr-Fe
co-doped Zn2 TiO4 and the correlation of the physicochemical properties with the photocatalytic behavior is
an additional feature of this work.

II. EXPERIMENTAL
Zn2 Ti0.9 Cry Fe0.1−y O4 (0.02 < y < 0.08) was synthesized by using the conventional solid-state reaction
(SSR) method. Stoichiometric amounts of ZnO (99.99%,
Aldrich), TiO2 (99.99%, Aldrich), Fe2 O3 (99%, Aldrich)
and Cr2 O3 (99.9%, Aldrich) were mixed and ground in
methanol. The pelletized powders were calcined at 650 1200 ◦ C for 5 h in a static furnace. On the other hand,
for the purpose of comparison, TiO2−x Nx particles were
also prepared by using the hydrolytic synthesis method
(HSM) [11], in which an aqueous ammonium hydroxide
solution with an ammonia content of 28 - 30% (99.99%,
Aldrich) was slowly added drop by drop to a 20% titanium (III) chloride solution (TiCl3 , Kanto, contained
0.01% iron as the major impurity) for 30 min under N2
flow in an ice bath under continuously stirring, and the
suspension was stirred for 5 h to complete the reaction.
After the completion of the reaction, the precipitate was
filtered in air and washed several times with deionized
water. The filtered powder was dried at 70 ◦ C for 3 - 4 h
in a convection oven. The sample obtained at this stage
was an amorphous precipitated power containing ammonia and titanium. Further this sample was calcined at
400 ◦ C for 2 h in flowing air in an electric furnace to
obtain crystalline powders of TiO2−x Nx .
The Zn2 TiO4 : [Cr-Fe] powders thus obtained were
characterized by using an X-ray Diffractometer (Mac
Science Co., M18XHF). X-ray diffraction (XRD) results were compared with the Joint Committee Powder

Diffraction Standards (JCPDS) data for phase identification. The band gap energy and the optical property of the as-prepared materials were measured by using an UV-visible diffuse reflectance spectrometer (Shimadzu, UV 2401). The morphology was determined
by using scanning electron microscopy (SEM, Hitachi,
S-2460N) and high-resolution transmission electron microscopy (HR-TEM, Philips, CM 200). An x-ray photoelectron spectroscopy (XPS) study was performed with a
Thermo Fisher Scientific Inc. Theta Probe XPS system
(UK) with a base pressure of 4 × 10−10 mbar (UHV),
and a monochromated Al Kα X-ray source (hν = 1486.6
eV) with charge compensation at the Korea Basic Science Institute (KBSI, Busan, Korea). Emitted photoelectrons were detected by using a multichannel detector
at a take off angle of 90◦ relative to the sample surface.
Survey spectra were obtained at a resolution of 1 eV,
and high-resolution spectra were acquired at a resolution of 0.1 eV. All obtained binding energies (BEs) were
determined with the C1s core level peak at 284.6 eV as
a reference.
The photo-reduction of water was carried out at room
temperature in an upper-irradiation type Pyrex reaction
vessel hooked to a closed gas circulation system. Photocatalytic reduction was carried out by irradiating suspended powders using a Hg-arc lamp (500 W) equipped
with a cutoff filter (λ ≥ 420 nm). The H2 evolution
was examined in an aqueous methanol solution (water80 distilled ml and 20-ml CH3 OH) by stirring 0.3 g of
the catalyst loaded with 0.2 wt% Pt. Before the photocatalytic reactions, all the catalysts were loaded with 0.2
wt% Pt by using a conventional impregnation method
with aqueous PtCl2 . The concentration of the reaction
product (H2 ) was determined by using a gas chromatograph equipped with a thermal conductivity detector (a
molecular sieve 5-Å column and Ar carrier).

III. RESULTS
Figure 1 display the XRD spectra of Fe doped, Cr
doped and Cr-Fe co-doped Zn2 TiO4 systems along with
the undoped counterpart. All the samples retained the
original Zn2 TiO4 structure at low Fe and Cr doping
concentrations (see Figs. 1(a) and 1(b)). Effectively,
as the concentration of Cr (Fe) was increased, the respective single oxide (Cr2 O3 / Fe2 O3 ) peaks appeared,
indicating the existence of an impurity phase. The
Zn2 Ti0.9 Cry Fe0.1−y O4 system exhibiting impurity free
Zn2 TiO4 oxide was selected for the co-doping study. Accordingly, the Zn2 Ti0.9 Cry Fe0.1−y O4 system was studied for various Cr/Fe ratios. Figure 1(c) reveals that
with respect to co-doping ratio variation, the original
spinel crystal structure is retained. Thus, we can conclude that various Cr/Fe co-doping concentrations in
Zn2 Ti0.9 Cry Fe0.1−y O4 (0.02 < y < 0.08) yield the single phase spinel structure.
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Table 1. Photocatalytic H2 production from a methanol-water solution for various photocatalysts. Pt (0.2 wt%) loaded all
photocatalysts.
Catalyst
Zn2 TiO−4
Zn2 Ti0.9 Fe0.1 O4
Zn2 Ti0.9 Cr0.1 O4
Zn2 Ti0.9 Cr0.07 Fe0.03 O4
Zn2 Ti0.9 Cr0.06 Fe0.04 O4
Zn2 Ti0.9 Cr0.05 Fe0.05 O4
Zn2 Ti0.9 Cr0.04 Fe0.06 O4
Zn2 Ti0.9 Cr0.03 Fe0.07 O4
TiO2−x Nx

Energy band gap(a) (Eg )
Eg (3V)-1
Eg (eV)-2
Eg (eV)-3
3.10
–
–
3.10
2.48
–
3.10
2.00
–
3.10
2.00
2.48
3.10
2.00
2.48
3.10
2.00
2.48
3.10
2.00
2.48
3.10
2.00
2.48
3.20
2.73
–

H2 evoluton
(mmol/gcat.hr)
0
2.5
4.5
8.3
9.7
13.1
11.4
7.3
Trace

H2 evolution
QY
0.33
0.61
1.14
1.33
1.79
1.56
1.01
–

Pt (0.2 wt%) loaded all material, 0.3 g. Light source: 450-W Ace lamp (Oriel) with UV cutoff filter (λ ≥ 420 nm). Reaction
was performed in an aqueous methanol solution (methanol 20 mL + distilled water 80 mL). (a) The wavelength at the absorption edge, λ, was deternimed as the intercept on the wavelength axis for a tangent line drawn on the absorption spectrum.

Fig. 1. (a) X-ray diffraction patterns of Zn2 Ti1−x Fex O4 photocatalysts for various x values (0, 0.05 ≤ x < 0.8). (b) X-ray
diffraction patterns of Zn2 Ti1−x Crx O4 photocatalysts for various x values (0, 0.1 ≤ x < 0.8). (c) X-ray diffraction patterns of
Zn2 Ti0.9 Cry Fe[0.1]−y O4 (0, 0.02 < y < 0.08, 0.1) photocatalysts.

The above discussion demonstrates that incorporation
of a low co-dopant concentration does not alter the structural properties. However, such low concentrations can
controllably affect the optical/electrical properties of any
semiconductor. Figure 2 shows the UV-DRS spectra of
Cr-doped, Fe- doped and Cr-Fe co-doped Zn2 TiO4 systems. It clearly indicates that co-doping red-shifts the
Zn2 TiO4 absorption, thereby yielding visible light absorptivity. Further analysis shows that Zn2 TiO4 exhibits
an absorption in the UV range (Eg ∼ 3.10 eV) whereas
the Cr-doped and the Fe-doped samples, respectively,
show the absorption (shoulder peak) at wavelengths of

620 nm and 490 nm. It may be noted from past reports that doping with Cr3+ and Fe3+ ions in the TiO2
host lattice24 does induce strong absorption bands in the
visible region. Especially, the roles of Fe3+ and Cr+3
and crucial as Fe3+ (sample B) is responsible for inducing a band around 490 nm whereas Cr+3 (Sample C)
is responsible for absorption around 620 nm. Interestingly, the co-doped sample shows the diffuse reflectance
spectrum (DRS) as an exact superposition of sample B
and sample C as determined by the respective concentrations. We observed a similar effect in the present case
of the doped Zn2 TiO4 system. The band gap estimated
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Fig. 2. (Color online) UV-vis diffuse absorbance spectra
of metal-doped and undoped materials.

Fig. 3. Typical images (a) SEM and (b) TEM images of
Zn2 Ti0.9 Cr0.05 Fe0.05 O4 photocatalysts.

from the DRS spectra was found to lie in the UV and
the visible light regions, as shown in Table 1. Thus, the
co-doped samples showed a systematic variation in the
absorption edge with variation in the of Cr/Fe ratio in
the Zn2 Ti0.9 Cry Fe0.1−y O4 (0.02 < y < 0.08) system.
To evaluate the photocatalytic activities of these
Zn2 Ti0.9 Cry Fe0.1−y O4 (0.02 < y < 0.08) materials, we
analyzed their visible light photocatalytic hydrogen production. Table 1 shows the estimated photocatalytic H2
gas evolved for various systems, along with their corresponding band gaps, as estimated from the DRS studies.
These samples were loaded with Pt and were further used
for photocatalytic H2 production from a methanol-water
solution under visible light irradiation (λ ≥ 420 nm).
Figure 3 shows the SEM and the TEM micrographs of
a typical Zn2 Ti0.9 Cry Fe0.1−y O4 sample, indicating that
Pt can be detected over the surface of the base photocatalyst. As shown in Table 1, only co-doped samples
showed significant H2 generation; other samples showed
no or trace amounts of H2 evolution. This indicates that
an optimum Cr/Fe ratio (i.e., y = 0.05) is a must for ob-
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Fig. 4.
Time evolution of hydrogen production
for various photocatalysts: () Zn2 Ti0.9 Cr0.05 Fe0.05 O4 ,
(×) Zn2 Ti0.9 Cr0.04 Fe0.06 O4 , (N) Zn2 Ti0.9 Cr0.06 Fe0.04 O4 ,
(M) Zn2 Ti0.9 Cr0.03 Fe0.07 O4 , (+) Zn2 Ti0.9 Fe0.1 O4 , ()
Zn2 Ti0.9 Cr0.1 O4 , and ( ) TiO2−x Nx .

•

taining maximum H2 evolution. The photocatalyst stability and the time-dependent H2 evolution can be seen
in Fig. 4. The figure clearly demonstrates photocatalytic
hydrogen generation. The evolution rate increases with
increasing reaction time; the H2 evolved was regained after evacuating the reactor reaction, indicating the photocatalytic nature of reaction.
The photocatalytic quantum yield (QY) of the photocatalyst is an important parameter to understand and
compare the efficacies of photocatalyst systems. It can
be calculated using the following equation [12-14];
QY = H2 evolution rate/12.639
× [(I1 − I3 ) − (I1 − I2 )] × A1 /A2 × 100.
Where I1 is the blank light intensity, I2 is the scattered
light intensity, I3 is the photocatalyst light intensity, A1
is the lighted area of photoreactor, A2 is the area of the
sensor face, and 12.639 is the mole number of photons
with λ ≥ 420 nm emitted from the lamp during 1 h.
The photocatalytic QY calculation indicates that the codoped sample always performs better than singly (Cr or
Fe)-doped and updoped Zn2 TiO4 systems, as shown in
Table 1. The Zn2 Ti0.9 Cr0.05 Fe0.05 O4 sample showed a
maximum QY of ∼1.79%, in contrast to the value of zero
for Zn2 TiO4 . The QYs had values lower than 1.79%,
but not zero, like that of the host lattice. This is an
important achievement of the present study.
The efficient photocatalytic behavior of the samples
can be mainly attributed to two factors [1,2]. First,
the co-doped sample shows higher visible light absorption, as observed in Fig. 2. In contrast to the Zn2 Ti0.9
Cr0.05 Fe0.05 O4 sample, other Cr/Fe ratios possibly lead
to certain unfavorable defect states, thereby leading to
unnecessary recombination losses.
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Fig. 6. Total density of states (DOS) of the spinel Zn2 TiO4
structure computed using the FLAPW formalism under density functional theory.

Fig. 5. XPS core-level spectra (Cr and Fe) for the
Zn2 Ti0.9 Cr0.05 Fe0.05 O4 sample, (a) Cr 2p and (b) Fe 2p, studied to validate the dopant oxidation states.

The oxidation states of Cr and Fe in the samples were
investigated by using XPS and are shown in Fig. 5. The
Zn2 Ti0.9 Cr0.05 Fe0.05 O4 sample showed a large peak that
was assigned to trivalent chromium at 576.4 eV, similar
to that observed in Cr2 O3 [15,16]. Similarly, the ionic
state of Fe was found to be trivalent. No other ionic
states were detected for these dopants. The XPS study
was mainly carried out to validate the trivalent state of
the dopants. Thus, the XPS study validated the respective dopant oxidation states.

IV. DISCUSSION

Fig. 7. (a) Bandgap positions of the Zn2 Ti0.9 Cr0.05 Fe0.05
O4 and the TiO2−x Nx photocatalysts. (b) Schematic describing the mechanism for photocatalytic hydrogen production
from a methanol-water solution.

The favorable effect of the co-dopants on the photocatalytic performance was further analyzed. In order to
understand this, it is desirable to look at the electronic
structure of the base photocatalyst. Figure 6 shows the
total density of states (DOS) of the spinel Zn2 TiO4 structure computed using the FLAPW formalism under density functional theory. It can be seen from present theoretical electronic structure calculations that the band
gap is constituted due to contribution of O 2p orbitals

(the valence band) and Ti 4d + Zn d orbitals (the conduction band). The main purpose of the DOS calculation
was to understand the valence and the conduction bands
of the host lattice of Zn2 TiO4 . Hence, an in-depth DOS
study of doped system is beyond the scope of this paper. Thus, we have only studied and presented the DOS
results for the host lattice and have utilized the information for the related discussion. To elaborate further,
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we utilize the DRS results presented in Fig. 2. The band
structures of the Fe/Cr-doped and co-doped Zn2 TiO4 are
mainly affected by the 3d bands/energy states of these
transition metal ions (Cr3+ and Fe3+ ). The DRS studies validate the point by inducing respective absorptions
band below the main Zn2 TiO4 absorption edge. This
indicates that the partially filled Fe/Cr 3d bands are located below the conduction band. Based on the a above
investigation, we propose a schematic diagram for the
co-doped system. Figure 7 displays the flat-band potential values and a schematic representation proposed to
explain the photocatalytic behavior of the co-doped system. Accordingly, when large-wavelength photons (λ >
420 nm) were used for illumination, only the electrons in
the Cr 3d and the Fe 3d interbands, instead of electrons
in the valence band of Zn2 TiO4 , were excited to the conduction band. In turn, Cr3+ and Fe3+ lose an electron to
become Cr4+ and Fe4+ . Such photo-excitation of electrons is not possible in the Zn2 TiO4 system because the
energy of the incident light is much less than the band
gap energy. Thus, Cr- and Fe-metals co-doped Zn2 TiO4
absorb more visible light photons than of singly doped
Zn2 TiO4 . The band gap energy of the co-doped Zn2 TiO4
system indicates that low energy photons can easily generate holes [2]. These holes can react with water to produce highly reactive OH− . Both the holes and the OH−
exhibit a strong oxidation potential for the degradation
of organic compounds. Thus, the above discussions provide guidelines to explain the roles of Cr ions and Fe ions
in co-doped Zn2 TiO4 in yielding better performance as
a visible light photocatalyst.

V. CONCLUSION
In order to develop efficient visible light photocatalysts, we synthesized transition-metal co-doped Zn2 TiO4
by using the simple solid state reaction. The co-doping
effect was analyzed in the context of photo-reduction of
water. The Cr- to Fe- ratio was varied in Zn2 TiO4 samples as Cry /Fe1−y (0.02 < y < 0.08, 1, 0), with special
emphasis on the Zn2 Ti0.9 Cry Fe0.1−y O4 system. These
systems exhibited 2-4 times higher photocatalytic activities for H2 production than did the individually Cr-doped
and Fe-doped Zn2 TiO4 systems under visible light irradiation (λ ≥ 420 nm). The Zn2 Ti0.9 Cr0.05 Fe0.05 O4 Cr0.4 Fe0.6 sample showed the highest photocatalytic activity. The activity is mainly attributed to (i) an optimum
Cr- to Fe-ratio and (ii) the absorption around 496- nm
and 563- nm wavelengths for the co-doped system being
higher than that for the singly-doped Zn2 TiO4 system.
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