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MgIn2O4 was prepared by the solid state reaction of MgO and
In2O3. Microcrystals of MgIn2S4 were formed on sintered
MgIn2O4 pellets by sulfurizing them in a H2S atmosphere. The
bandgap of MgIn2S4 was evaluated as 2.1 eV. A very high e7-
ciency photocurrent was observed on MgIn2S4DMgIn2O4 elec-
trodes. Photocurrent generation of MgIn2S4DMgIn2O4 electrodes
was explained from the viewpoint of semiconductor sensitization.
The 6at band potential of MgIn2S4 was evaluated as 21.0 V vs
AgDAgCl in aqueous polysul5de redox electrolyte (1 M OH+,
1 M S22, 1022 M S). ( 2000 Academic Press
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sensitization.

1. INTRODUCTION

During the past years, utilization of photovoltaic cells as
a power source in various "elds has shown tremendous
growth. In this viewpoint, the contribution of semiconduc-
tor electrodes is signi"cant. Photoelectrochemical behaviors
of many n-type semiconductors have been extensively inves-
tigated. In recent years, considerable interest has been
focused on spectral sensitization of wide bandgap semicon-
ductors by inorganic complexes (1}3). Semiconductor sen-
sitization is another method of extending the photoresponse
of wide bandgap materials to longer wavelength regions.
Such multicomponent semiconductor electrodes exhibit
a wide range of novel electric and photoelectrochemical
properties (4}7). Semiconductor sensitization takes place
only when the following conditions are satis"ed by two
components of the compound electrodes. The edge of the
conduction band of light harvesting material of the com-
pound electrodes must be more negative than the conduc-
tion band of the substrate which accepts photogenerated
electrons. The energy di!erence between two semiconductor
systems must be signi"cant to prevent recombination of the
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charge carriers and reverse #ow of electrons. However, long-
term stability of these sensitizing materials under di!erent
photoelectrochemical conditions was one of the most impor-
tant problems observed in previous studies. Sulfurization of
surfaces of metal oxide electrodes is a very simple and useful
technique for designing semiconductor hetero structures or
multicomponent semiconductor electrodes. We have suc-
ceeded in preparing MgIn

2
S
4
by sulfurizing MgIn

2
O

4
pellets

in a H
2
S atmosphere. MgIn

2
O

4
and MgIn

2
S
4

are members
of the ternary compound with common formula of AB

2
X

4
family whose structure and physical properties have been
thoroughly studied in recent years. In the lattice, MgIn

2
S
4

crystallizes in spinel structure with lattice parameter
a"10.7108 As and deformation parameter u"0.383. The
distribution of cations in the unit cell of MgIn

2
S
4

is
Mg2`

0.16
In3`

0.84
[Mg2`

0.84
In3`

1.16
], where the ions in brackets oc-

cupy octahedral sites and the remaining cations are occupied
in tetrahedral sites (8,9). MgIn

2
O

4
is a binary oxide of MgO

and In
2
O

3
with inverted spinel structure. The distribution of

In3` and Mg2` cations in tetrahedral and octahedral sites
was con"rmed from Rietveld analysis (10). In the unit cell,
two tetrahedral sites are occupied by In3` and four octahed-
ral sites are randomly occupied by In3` and Mg2` (10). In
the past three decades, not much attention has been paid to
photoelectrochemical studies of ternary compounds with
common formula AB

2
X

4
. As far as we know, optical and

photoelectrochemical properties of MgIn
2
S
4

have not been
studied yet. We studied the capability of MgIn

2
S
4
DMgIn

2
O

4
electrodes as electrodes for harvesting light in photo-
electrochemical (PEC) cells. In the present article, we report
our primary observations of MgIn

2
S
4
DMgIn

2
O

4
electrodes.

Photocurrent generation of MgIn
2
S
4
DMgIn

2
O

4
electrodes is

described from the viewpoint of semiconductor sensitization.

2. EXPERIMENTAL

2.1. Preparation of MgIn2O4 and MgIn2S4DMgIn2O4 Pellets

The chemicals used in the present study were of
the highest available purity and as purchased from the
6
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suppliers. Double distilled water was used to prepare the
electrolyte. MgIn

2
O

4
was prepared from the solid state

reaction of MgO (Kanto Chemical Co. 99.99%) and In
2
O

3
(Kanto Chemical Co. 99.9%) using two di!erent methods.

Method I. MgO and In
2
O

3
were mixed in a Mg/In ratio

slightly greater than 0.5 by wet ball milling with methanol
and allowed to dry in a fume chamber. MgIn

2
O

4
was

prepared by calcining the mixture of MgO and In
2
O

3
in an

Al
2
O

3
crucible at 13503C for 10 h in air. Excess MgO was

removed from the heated materials by dispersing in 1 M
NH

4
Cl at 1003C for several hours, following ball-milling

heated materials with methanol. The residual was then
rinsed several times with distilled water to remove excess
NH

4
Cl. The pure wet powder sample of MgIn

2
O

4
was dried

in a vacuum oven at 1503C for several hours.

Method II. MgO and In
2
O

3
were mixed in a one-to-one

molar mixture of MgO and In
2
O

3
by wet ball milling.

MgIn
2
O

4
was prepared by repeating the sintering process

until the X-ray difractrogram showed single-phase
MgIn

2
O

4
. The temperature of the furnace was maintained

at 13503C.
Sintered MgIn

2
O

4
pellets were prepared by heating com-

pressed powder pellets at 14003C for 10 h in air. Microcrys-
tals of MgIn

2
S
4

were formed on sintered MgIn
2
O

4
pellets

by sulfurizing them at 7003C for several minutes in a H
2
S

atmosphere. The sulfurization was carried out in a tube
furnace and H

2
S gas was passed at a constant rate of

0.5 ml/min throughout the sulfurization.

2.2. Characterization and Analysis of MgIn2O4 and
MgIn2S4DMgIn2O4 Electrodes

Scanning electron micrographs and X-ray di!ractograms
of sintered MgIn

2
O

4
and MgIn

2
S
4
DMgIn

2
O

4
pellets were

obtained using a scanning electron spectrometer (Jeol, JSM-
5600) and an X-ray di!ractometer (Rigaku, RINT-2100).
Di!use re#ectance spectra of sintered MgIn2O4 and
MgIn2S4DMgIn2O4 pellets were obtained using a UV}Vis
scanning spectrometer coupled with an integrating sphere
(Shimadzu, UV-2100 PC) and were converted to absorption
spectra by using the Kubelka-Munk equation.

2.3. Photoelectrochemical Measurements

Ga}In alloy was used to make ohmic contact of the back
side of the pellet with copper wire; the back side of the pellet
was covered with an epoxy layer. Photoelectrochemical
measurements were carried out with a standard two-com-
partment cell consisting of a Pt wire gauze as the counter-
electrode and a AgDAgCl electrode as the reference electrode.
Current}voltage characteristics of the electrodes were ob-
tained by measuring current across the working electrode
and the counterelectrode under chopped white light illu-
mination. The potential of the working electrode was scan-
ned with respect to the reference electrode from #0.60 to
!1.2 V. Stability of the photocurrent was studied by ap-
plying a constant voltage of #200 mV vs AgDAgCl on the
working electrode. A potensiostat}galvanostat (Hokuto
Dento, HABF-501) coupled with a computer (NEC, PE-
9801 UV) and a collimated beam from a 500-W Xe lamp
(Ushio Electric Instruments, UI 501C) were used to measure
steady-state photocurrent and current}voltage character-
istics. Photocurrent action spectra were measured by excit-
ing the working electrodes with monochromatic light. An
aqueous solution of 1 M OH~, 1 M S2~, and 10~2 M S was
used as the electrolyte. Light intensity was measured with
a thermophile (The Eppley Laboratory, Inc.).

3. RESULTS AND DISCUSSION

3.1. General Properties of MgIn2O4 and
MgIn2S4DMgIn2O4 Electrodes

MgIn
2
O

4
prepared from the solid state reaction of MgO

and In
2
O

3
using two di!erent methods exhibited similar

structural and photoelectrochemical behavior. MgIn
2
O

4
powder was white in color and exhibited insulator proper-
ties. Sintered MgIn

2
O

4
pellets were slightly bluish white

and exhibited a high degree of hardness and low electric
resistivity ((5 ) cm) at room temperature. The low electric
resistivity on sintered MgIn

2
O

4
pellets may be due to O

2
defects produced during sintering at high temperature
(11,12). Most compounds represented by the common for-
mula AB

2
O

4
show a solid solution with other B

2
O

3
-type

oxides in the lattice (13). We did not observe any evidence of
solubility of In

2
O

3
in MgIn

2
O

4
for the samples prepared as

described in this article. The X-ray di!ractogram reveals
that MgIn

2
O

4
is composed of a single phase and agrees with

that of JCPDS data (Card 40-1402). As we expected, sulfur-
ization is considered to form MgIn

2
S
4
on sintered MgIn

2
O

4
pellets via the following chemical reaction:

MgIn
2
O

4
#4H

2
SPMgIn

2
S
4
#4H

2
O. [1]

Yellowish dark brown coloration manifests the formation
of MgIn

2
S
4
, which was con"rmed by X-ray di!raction

measurements. An X-ray di!ractogram of a sulfurized
MgIn

2
O

4
pellet is shown in Fig. 1. Sharp di!raction lines

indicate that MgIn
2
O

4
and MgIn

2
S
4
DMgIn

2
O

4
pellets have

a high degree of crystallinity. A scanning electron micro-
graph of a sintered MgIn2O4 pellet after and before sulfuriz-
ation is shown in Fig. 2. As is shown in this "gure, scanning
electron micrography (Fig. 2a) indicates clearly that sintered
MgIn

2
O

4
pellets are highly porous. It has been reported

that the density of such porous sintered MgIn
2
O

4
pellets is

less than that of single crystals (12). Small round bright



FIG. 1. X-ray di!ractogram of sulfurized MgIn
2
O

4
pellet.

FIG. 2. Scanning electron micrograph of sintered MgIn2O4 pellet (a)
before and (b) after sulfurization.
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grains in Fig. 2b seem to be MgIn2S4 microcrystals of about
1 lm radius and large grains are MgIn2O4. This "gure
indicates that the MgIn

2
S
4

thin "lm formed on the
MgIn

2
O

4
pellet is composed of microcrystals. The cluster

size of MgIn
2
S
4

and the thickness of the MgIn
2
S
4
"lm can

easily be controlled by varying the sulfurization time or the
temperature of the furnace. An absorption spectrum of
a sintered MgIn

2
O

4
pellet after and before sulfurization is

shown in Fig. 3, the onset of absorption is around 400 nm.
Growth of MgIn

2
S
4

on MgIn
2
O

4
shifted the onset of ab-

sorption of sulfurized samples to a longer wavelength region
than in the nonsulfurized sample. The onset of absorption of
MgIn

2
S
4
D MgIn

2
O

4
pellets is around 650 nm. Bandgap en-

ergies of MgIn
2
O

4
and MgIn

2
S
4

were evaluated by ana-
lyzing an (Ah l)2 vs h l plot for the same samples, where A is
the absorbance, h is the planck constant, and l is the
frequency. The direct bandgap energy of MgIn

2
O

4
evalu-

ated by this method is about 3.2 eV. The evaluated bandgap
energy for MgIn

2
O

4
in the present work deviates slightly

from 3.4 eV, as reported by Kawazoe et al. (10). The ob-
served shift in the onset of absorption and bandgap of
MgIn

2
O

4
might be attributed to random localization of

In3` and Mg2` cations in octahedral sites in the unit cell,
substituted cations, doping of foreign atoms in interstitial
sites, and a slight di!erence in chemical composition
(10,14,15). The bandgap energy of MgIn

2
S
4

was evaluated
as 2.1 eV. Goodenough et al. maintained that the elec-
tronegativity di!erence between cations and anions (E

M
}E

I
)

is responsible for the bandgap of a material, and replace-
ment of oxygen atoms with sulfur atoms decreases the
electronegativity di!erence between cations and anions in
host material (16). Replacement of oxygen atoms by sulfur
atoms in MgIn

2
O

4
lattice might be one reason a much

smaller bandgap was observed for MgIn
2
S
4

than for
MgIn

2
O

4
.

3.2. Photoelectrochemical Behavior of MgIn2O4 and
MgIn2S4DMgIn2O4 Electrodes

The current}voltage curve of an MgIn
2
O

4
electrode be-

fore and after sulfurization is shown in Fig. 4. When the
electrode potential was swept toward the anodic potential,
only weak anodic current was observed, whereas under
cathodic polarization, a sudden rise of cathodic current was
observed at !1.5 V vs AgDAgCl on MgIn

2
O

4
electrode, in

the dark, as is shown in Fig. 4a. This behavior indicates that
MgIn

2
O

4
is an n-type semiconductor. When the potential of

the MgIn
2
O

4
electrode was further negatively swept from

!1.5 V vs AgDAgCl, a color change was observed on the
electrode surface because of reduction of MgIn

2
O

4
. This

metallic color might be attributed to In metal produced by



FIG. 3. Normalized absorption spectrum of sintered MgIn
2
O

4
pellet

(a) before and (b) after sulfurization. (Inset) Variation of (Ahl)2 vs photon
energy of sintered MgIn2O4 pellet (a) before and (b) after sulfurization.

FIG. 4. Current}voltage curve of PtDpolysul"deDMgIn
2
O

4
cell (a) in the

dark and (b) under illumination and (c) current}voltage curve of PtDpoly-
sul"deDMgIn

2
S
4
DMgIn

2
O

4
cell. Scan rate was 10 mV/s. Polychromatic light

(250 mWcm~2) from a Xe lamp was used as the light source. In the case of
PtDpolysul"deDMgIn

2
S
4
DMgIn

2
O

4
PEC cell incident light was manually

chopped by introducing a thick metal sheet into light path.
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reduction of In3` in MgIn
2
O

4
under strong cathodic polar-

ization. MgIn
2
O

4
electrodes exhibited weak anodic photo-

response in the UV region. Figure 4b represents a magni"ed
current}voltage curve of the MgIn

2
O

4
electrode under illu-

mination and in the dark in the photoresponse potential
region. The current}voltage curve of a sulfurized MgIn

2
O

4
electrode under polychromatic illumination is shown in
Fig. 4c. As is shown in this "gure, anodic photocurrent was
observed on sulfurized MgIn

2
O

4
electrodes. This anodic

photocurrent increased with increasing anodic potential.
This behavior indicates that MgIn

2
S
4
DMgIn

2
O

4
electrodes

also behave as n-type semiconductors (17). Current}voltage
curves give a qualitative estimate of the #at band potential
of semiconductors. In the present study, the #at band poten-
tials of MgIn

2
O

4
and MgIn

2
S
4
DMgIn

2
O

4
electrodes are

determined as !0.55 and !1.0 V vs AgDAgCl, respectively,
in 1 M OH~, 1 M S2~, 10~2 M S. The energy diagram of
MgIn

2
S
4
DMgIn

2
O

4
electrodes is written by taking into ac-

count #at band potentials and bandgap values of both
materials. The energy di!erence between the conduction
band of MgIn

2
S
4

and that of MgIn
2
O

4
is estimated as

0.45 eV from the di!erence in their #at band potentials.
Proposed charge generation and separation of
MgIn

2
S
4
DMgIn

2
O

4
electrodes under illumination is illus-

trated schematically in Fig. 5. Charge generation and separ-
ation of MgIn

2
S
4
DMgIn

2
O

4
electrodes under illumination

can be summarized by the following equations,
Excitation of the MgIn

2
S
4

layer,

MgIn
2
S
4
#hlPMgIn

2
S
4
(e!h), [2]
Photoinduced electron injection to the conduction band
of MgIn

2
O

4
,

MgIn
2
S
4
(e!h)PMgIn

2
S
4
(h)#MgIn

2
O

4
(e). [3]



FIG. 5. The schematic diagram of charge generation and injection
process of the illuminated MgIn

2
S
4
DMgIn

2
O

4
electrode.

FIG. 6. Variation of incident photon conversion e$ciency of (a)
PtDpolysul"deDMgIn

2
O

4
, cell and (b) PtDpolysul"deDMgIn

2
S
4
DMgIn

2
O

4
PEC cell with wavelength. The electrode was biased at 200 mV vs AgDAgCl.
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Here e and h represent the photogenerated electron and
hole, respectively. Photoinduced electrons in the conduction
band of MgIn

2
S
4

are injected into the conduction band of
MgIn

2
O

4
, while photogenerated holes left in the valance

band of MgIn
2
S
4

are quickly consumed to oxidize polysulf-
ide in the electrolyte or oxidize itself (photocorrosion). The
energy di!erence at the interface of two materials prevents
reverse #ow and/or recombination of charge carriers. E$-
cient charge separation at the interface via Eq. [3] results in
high photocurrent for MgIn

2
S
4
DMgIn

2
O

4
electrodes.

Proper choice of multicomponent semiconductors might
improve performance of semiconductor thin "lm devices.

In order to further evaluate the cell performance, we
measured variation of incident photon conversion e$ciency
(IPCE) of the cell with wavelength. Variation of incident
photon conversion e$ciency with wavelength of the
MgIn

2
O

4
electrode before and after sulfurization is shown

in Fig. 6. It should be noted that quite high e$ciency, up to
50%, is observed at 475 nm for a MgIn2S4DMgIn2O4 elec-
trode. The observed decrease in the photocurrent in IPCE
spectra for the MgIn2O4 electrode and the MgIn

2
S
4
D

MgIn
2
O

4
electrode in Fig. 6 at shorter wavelengths can be

attributed to a higher absorption coe$cient of the electrode
at shorter wavelengths. Since only a thin layer near the
surface of an electrode is excited at short wavelength, elec-
tron}hole concentration is high in this thin layer. Therefore,
electron}hole recombination occurs e$ciently near the sur-
face of an electrode by excitation at a shorter wavelength,
which leads to a decrease in the IPCE as shown in Fig. 6
(18). Strong absorption in the UV region by polysul"de may
be another reason. Close resemblance of action spectra of
MgIn

2
S
4
DMgIn

2
O

4
electrodes with di!use re#ectance

spectra of MgIn
2
S
4
DMgIn

2
O

4
electrodes at the bandgap

region prove charge generation by MgIn
2
S
4
. As is shown in

Fig. 6, photocurrent of MgIn
2
O

4
electrodes #ows under

irradiation with near ultraviolet light at wavelengths shorter
than 490 nm. However, for MgIn
2
S
4
DMgIn

2
O

4
electrodes,

the wavelength of light at which photocurrent follows ex-
tends over the whole visible wavelength region from 400 to
700 nm. This result indicates semiconductor sensitization by
the MgIn

2
S
4

layer formed on the MgIn
2
O

4
substrate. The

mechanism of semiconductor sensitization by the MgIn
2
S
4

layer formed on the MgIn
2
O

4
substrate is explained well by

Eqs. [2] and [3] as well as by the energy diagram in Fig. 5. It
is noted that the magnitude of the photocurrent and its
quantum e$ciency are fairly large in the system, as shown in
Figs. 4 and 6. The observed similarities of the action spectra
of MgIn

2
S
4
DMgIn

2
O

4
electrodes to those of In

2
S
3
DIn

2
O

3
electrodes (19) may be due to common features of the
electronic structure of MgIn

2
S
4

and In
2
S
3
. Previous studies

have shown that the electronic structure of CdIn
2
S
4

has
some features in common with those of CdS and In

2
S
3
(20).

The variation of the maximum attainable photocurrent of
the PtDpolysul"deDMgIn

2
S
4
DMgIn

2
O

4
cell as a function of

sulfurization time is shown in Fig. 7. As is shown in this
"gure, photocurrent increases with sulfurization time up to
a maximum and then photocurrent decreases with pro-
longed sulfurization time. This result indicates that thicker
MgIn

2
S
4

on MgIn
2
O

4
is undesirable for e$cient charge

separation, probably because increased density of grain
boundaries of MgIn

2
S
4

microcrystals caused by a higher
degree of sulfurization enhances recombination of photo-
generated electrons and holes. High resistivity ('104 ) cm)
was observed on MgIn

2
S
4
DMgIn

2
O

4
electrodes with a high-

er degree of sulfurization, which suggests enhanced density



FIG. 7. Variation of attainable maximum photocurrent of a PtDpoly-
sul"deDMgIn

2
S
4
DMgIn

2
O

4
cell as a function of sulfurization time under

illumination with polychromatic light (250 mWcm~2). H
2
S gas was passed

at a constant rate of 0.5 ml/min throughout the sulfurization. The electrode
was biased at 200 mV vs AgDAgCl.

FIG. 8. Variation of the short-circuit photocurrent of (a) PtDpolysulf-
ideDMgIn2O4 cell and (b) PtDpolysul"deDMgIn

2
S
4
DMgIn

2
O

4
cell as a func-

tion of time under illumination with polychromatic light (250 mWcm~2).
The electrode was biassed at 200 mV vs AgDAgCl.
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of the grain boundaries due to prolonged sulfurization. This
might be a reason less photocurrent was observed on
MgIn

2
S
4
DMgIn

2
O

4
electrodes with higher degree of sulfur-

ization. The variation of short circuit photocurrent of
PtDpolysul"deDMgIn

2
S
4
DMgIn

2
O

4
cell as a function of time

is shown in Fig. 8. As is shown in Fig. 8, initially the
PtDpolysul"deDMgIn

2
S
4
DMgIn

2
O

4
cell exhibited slow decay

in photocurrent with time illumination. This photocurrent
decay is thought to be caused by photocorrosion of
MgIn

2
S
4
. Similar photocorrosion has been generally ob-

served on other metal chalcogenide elctrodes in various
electrolytes (19,21). Photocurrent decay limits practical ap-
plication of MgIn

2
S
4
DMgIn

2
O

4
electrodes in solar cells.

Further studies would be necessary to solve this problem.
The dark current enhancement of PtDpolysul"deDMgIn2S4D
MgIn2O4 cell may be attributed to deterioration of MgIn2S4

surface by photocorrosion under illumination.

4. CONCLUSION

MgIn
2
O

4
was prepared from the solid state reaction of

MgO and In
2
O

3
. MgIn

2
O

4
exhibited a high degree of

thermal stability. Sulfurization extended the photoresponse
of MgIn

2
O

4
toward the visible region. The bandgap of

MgIn
2
S
4

was evaluated as 2.1 eV. Signi"cantly enhanced
anodic photocurrent was observed on MgIn

2
S
4
DMgIn

2
O

4
electrodes. E$cient charge separation in MgIn

2
S
4
D

MgIn
2
O

4
electrodes at the interface of MgIn

2
S
4

and
MgIn
2
O

4
had a favorable in#uence on the performance of

the cell.
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