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The properties of ZnO photoanodes doped with transition elements (Cr, Mn, Fe, Co, Ni) have been 
investigated for photodecomposition of aqueous solutions. A large extension of the photoresponse 
occurs in the visible region, particularly with Co*+- and Mn*+-doped samples. The doping-ion coordi- 
nation, the energy levels, and the mechanism of the charge transfer are discussed. o 1985 Academic FRSS, 

Inc. 

Introduction 

Semiconducting metal oxides used as 
photoanodes in the decomposition of water 
are found to be the most stable materials 
toward photocorrosion in aqueous medium. 
Unfortunately their efficiency is very low in 
solar energy conversion since their band 
gap is rather large (Eg 2: 3.2 eV). Using 
TiOz and SrTiOJ oxides, the doping with 3d 
elements has been found to induce, in the 
visible region of the solar spectra, photoac- 
tive transitions between d” ions and the tita- 
nium conduction band. These doping 
agents generally form intraband-gap local- 
ized levels and act as traps for most of the 
generated photoelectrons, thus inhibiting 
drastically the intensity of the photocur- 
rent. However, three of us have shown in a 
recent paper that such materials give a net 
photocurrent provided that the conduction 

band is large enough to favor an effective 
charge transfer ( Z-3). 

Most of the transition metal oxides have 
a narrow conduction band associated to 3d 
orbitals. Nevertheless, as far as ZnO is con- 
cerned, the Zn : 3d orbitals are filled and 
form the valence band together with the 
0 : 2p orbitals; thus, the conduction band, 
which arises from the Zn : 4s orbitals, should 
be large; consequently it is expected that it 
will induce a high electron mobility, making 
possible an efficient electron-hole separa- 
tion, even if the holes are generated in nar- 
row doping levels. Besides this, the wurt- 
zite-type structure of ZnO exhibits a large 
amount of native defects: one of them, in- 
terstitial zinc, gives donor levels which lie 
close to the conduction band and, as a con- 
sequence, make ZnO a n-type semiconduc- 
tor (4). Although zinc oxide is lightly unsta- 
ble under illumination (5, 6), it should 
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induce the photoelectrolysis of water since 
the Zn : 4s conduction band edge is localized 
near the H+/I-Iz level and the valence band 
edge below the OJH20 level. However, be- 
cause of its quite large band gap (Eg = 3.2 
eV) many attempts to sensitize ZnO to visi- 
ble light have been successful using dyes 
adsorbed at the surface of the semiconduc- 
tor (7-20) or dissolved in the electrolyte 
(11-13); but the efficiency of these systems 
has been found to be rather low. 

The goal of the present article is to inves- 
tigate the photoresponse of polycrystalline 
n-type zinc oxide semiconductors doped 
with several 3d cations, and to propose ten- 
tatively a model which can account for the 
resulting photoelectrochemical properties. 

As it has been already pointed out, an 
efficient conversion of the solar energy im- 
plies that the 3d cations introduced in the 
wurtzite lattice takes place in the same tet- 
rahedral surrounding as the Zn2+ ions to 
which they have been substituted (14, 15). 

Large number of ions can be introduced 
in the zinc oxide lattice but several of them 
are likely to be reduced by Zn+ donor cen- 
ters which normally confer a n-type charac- 
ter. 

These considerations imply necessarily 
that only Cr3+, Mn2+, Fe3+, Co2+, and Ni2+ 
can be stabilized in the n-ZnO lattice. On 
the other hand it is known that the ground 
state of Cu2+ is localized near the conduc- 
tion band of ZnO, and, thus, can hardly 
give rise to a visible photoresponse (16). 

The solubility of NiO in ZnO is about 
I%-in order to facilitate the comparison 
of the behavior of the various materials, 
they have all been doped with the same 
amount of 3d elements (1% in atoms). 

I. Experimental 

The compounds have been prepared by 
grinding intimately in an agate mortar finely 
divided powders of the dehydrated reac- 
tants. Then they have been pelletized under 

3 tons pressure and sintered at 1300°C for 
15 hr. 

The electrodes were prepared following 
the same procedure as the one described 
previously (I). The electric contact was 
made by soldering an ohmic In/Ga alloy on 
one side of the sintered pellets. 

The electrochemical measurements have 
been carried out using a “three-electrode 
device”: the active electrode, a platinum 
counterelectrode, and a saturated calomel 
electrode (SCE). The electrolyte used is 1 
M NaOH solution. Electrode potentials are 
measured versus the SCE using a Tacussel 
PRT 20 - 2X type potentiostat. Photocur- 
rents are measured under the output of a 
150-W xenon lamp and corrected for the 
quantum flux of the light source. 

Optical measurements have been carried 
out with a CARY 17 type spectrometer. 
Absorption spectra have been obtained by 
the diffuse reflectance technique. 

ESR spectra have been obtained using a 
ER 200 tt spectrometer. 

II. Results and Discussion 

1. X-Ray and ESR Analysis 

The X-ray diffraction diagrams indicate 
that when they are prepared at 1300°C for 
15 hr, all the doped ZnO samples have a 
wurtzite-type structure. 

The oxidation numbers and the crystallo- 
graphic sites of the dopant have been deter- 
mined when it is possible by ESR and ab- 
sorption spectra. ESR spectrum of ZnO : Cr 
carried out at room temperature character- 
izes the chromium at the trivalent state: the 
g value (1.m) indicates that Cr3+ is local- 
ized in the octahedral site. 

Figure 1 shows the ESR signal of 
ZnO: Mn recorded at room temperature. 
This spectrum gives a value of g = 2.02 
which characterizes the presence of Mn2+ 
ion whatever the oxidation number of the 
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FIG. 1. ESR spectrum of ZnO doped with Mn*+. 

Mn introduced may be. The six hyperfine 
lines observed are due to the nuclear spin Z 
= 5/2 of the manganese. 

The ESR spectrum of ZnO : Fe exhibits a 
g = 4.28 G value correlated to Fe3+ ion. 
Since both Mn2+ and Fe3+ ions have an Z = 
5/2 nuclear spin the ESR spectroscopy can- 
not bring any information about the site 
symmetry. 

In spite of the lack of any ESR signal 
from the Co*+ and Ni*+ ions, a tetrahedral 
or octahedral coordination may be postu- 
lated for them in the ZnO lattice on the ba- 
sis of the following two reasons: 

(i) The spin-lattice relaxation time for 
Co*+ ions in an octahedral surrounding is 
very short and the corresponding ESR sig- 
nal can be observed only at liquid-helium 
temperature. As a matter of fact, several 
authors (27) have observed that the hyper- 
fine splitting expected from Coi$ (Z = 7/2) is 
unresolved even at liquid-helium tempera- 
ture. Furthermore, the signal ascribed to 
CO;,: vanishes whereas that resulting from 
the lattice defects are still observed when 
the temperature increases. 

(ii) Octahedrally coordinated Ni2+ signal 
has not been observed and, on the other 
hand, no ESR signal has been claimed yet 
for tetrahedrally coordinated Ni2+(ei$). 
Consequently, the identification of these 
two ions in the ZnO lattice is made impos- 
sible on the sole basis of ESR spectros- 
copy. As described hereunder this attribu- 
tion can be made from the absorption 
spectra. 

2. Optical Absorption 

The absorption spectra of doped ZnO are 
depicted on Fig. 2. The main absorption of 
n-ZnO sintered samples is observed around 
380 nm; it does not drop sharply but rather 
shows a long tail which goes up to 700 nm. 
This tailing band can undoubtedly be cor- 
related to the defects introduced by thermal 
treatment for making ZnO a n-type semi- 
conductor. 

The ZnO: Cr3+ spectrum shows two 
broad absorption bands centered at about 
580 and 660 nm. According to the octahe- 
dral symmetry of Cr3+ ions, the latter a 
weak and diffuse band, could be attributed 
to a spin-forbidden d-d transition 4A2 += *T, 
while the former is due to the spin-allowed 
4A2 + 4T2 transition. A second expected 
spin-allowed transition 4A2 + 4TI might ap- 
pear at higher energy and thus it is hidden 
by the 0: 2p + Zn: 4s charge-transfer 
band. 

Both Mn*+ and Fe3+ ions having the same 
dS high-spin electronic configuration, any 
d-d transition (spin-forbidden) can be ex- 
pected. As a consequence the main absorp- 

a-zno 
b-ZnO: CrlOB 

c-ZnO:MnO 
d-ZnO:FepOg 
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FIG. 2. Absorption spectra of normally undoped and 
doped ZnO samples. 
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tion of the corresponding ZnO : Mn2+ and 
ZnO: Fe3+ samples exhibit the same 
charge-transfer band as pure ZnO. How- 
ever, regarding ZnO : Mn2+ the results ob- 
tained by photoacoustic spectroscopy (18) 
show clearly the characteristic bands of tet- 
rahedrally coordinated Mn2+ ions which 
can be associated to the ‘jA1 - 4T2 transition 
at 380 and 420 nm as already described by 
Bates et al. (19); here again, a long tail is 
observed which extends the absorption to 
the red. A rather broad band is found for 
ZnO : Co2+ which is between 500 and 700 
nm and which can be attributed to the 4A2 
-+ 4T~ transition. The strong spin-orbit 
coupling splits the 4T~ state into three en- 
ergy levels leading to structured band with 
peaks at 560, 620, and 650 nm (20, 21). 

Similarly, the ZnO : Ni2+ sample exhibits 
a large absorption band corresponding to 
the 3Tl(F) + 3T~(P) transition with three 
peaks localized at 570, 630, and 660 nm 
w). 

According to Weakhem (22) these ab- 
sorption spectra obtained at room tempera- 

ItmA) 
t 

ture are typical of a tetrahedral coordina- 
tion of Co2+ and Ni2+ ions. 

3. Flatband Potentials and Mott-Schottky 
Plots 

The photocurrent-voltage curves shown 
on Fig. 3 give evidence for the n-type char- 
acter of the investigated samples. Compared 
to the -0.9-V value obtained for undoped 
ZnO, the photocurrent onset potential is 
found more anodic for the doped samples, 
with a deviation which can reach 0.3 V in 
the case of the ZnO: Ni2+ electrode, al- 
though the electronegativity of the dopants 
are near to that of zinc. 

The space charge capacities C,, have 
been determined in the dark from impe- 
dance measurements following the proce- 
dure described by Tomkiewicz (23) and as- 
suming no additional capacitance 
introduced by surface states. Figure 4 
shows the linear variations of C,-,” versus 
the applied potential obtained for ZnO un- 
doped and doped by Mn, Co, or Ni. These 
lines intercept the potential axis at a poten- 

FIG. 3. Photocurrent potential curves obtained under full light illumination of the semiconducting 
electrodes at pH 13. 
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tial value which agrees with the V, mea- 
sured from the photocun-ent variation. The 
values of the free charge carrier concentra- 
tion ZVn, calculated from the slope of the 
straight lines, are listed in Table I together 
with the main characteristics of the studied 
samples. 

4. Action Spectra 

Figure 5 shows the photoresponse as a 
function of the excitation wavelength with a 
potential of 0 V/SCE applied to the doped 
ZnO electrodes. 

As expected, no sensitization to the visi- 
ble is accounted for the Fe3+-doped sample, 
but a large one extending far into the visible 
region is observed for the other doped 
semiconductors (up to 700 nm for Mn2+ and 
750 nm for Co2+). 

All anodes, ZnO : Ni2+ excepted, exhibit 
a variation of the photocurrent similar to 
that of the optical absorption. With 
ZnO : Ni2+, no photocurrent is observed 
above 620 nm, although a large absorption 
band, attributed to the 3Tr(F) --, 3T#‘) tran- 
sition, occurs between 550 and 700 nm. 
Thus, it can be assessed that the 3Tr(P) 
levels are localized inside the band gap; 
the onset at 550 nm for the photocurrent 
and the maximum at 500 nm could be asso- 
ciated to a Ni2+(t$) + Zn2+(4s”) charge 
transfer. 

5. Energy Levels and Charge Transfer 
Mechanisms 

The photocurrent in the visible region 
can reasonably be associated with an elec- 
tronic charge-transfer between the 3dn lev- 
els and the conduction band. The holes 
photogenerated must have a mobility large 
enough to move toward the electrode/elec- 
trolyte interface in order to oxidize water 
and yield the evolution of oxygen. A weak 
enough anodic bias would contribute to a 
tunneling effect of the holes into the va- 
lence band and to an increase of the corre- 
sponding photocurrent. Then the position of 
the 3dn levels can be estimated for each 
doped electrode from the onset of the pho- 
tocurrent (Fig. 6a). 

Cr3+ and Ni2+ constitute narrow bands 
lying about 2.2 eV below the bottom of the 
conduction band. 

Concerning the ZnO: Mn2+ and ZnO: 
Co2+ anodes we can deduce from their 
large photoresponse, which extends down 
to 700 nm (1.8 eV) and 750 nm (1.65 eV), 
respectively, that the Mn2+(&) and Co2+(&) 
states lie approximately in the middle of the 
band gap. Due to this particular situation, the 
above described mechanism might be inade- 
quate and we can put forward two different 
mechanisms to take into account for the ob- 
served photocurrent: 

(i) An electronic transition from the va- 
lence band of ZnO to the subband gap 

TABLE I 

MAIN CHARACTERISTICSOF THE INVESTIGATED SAMPLES 

Vfi from 
Energy onset of 

CT ND Pe the photocurrent Onset potent@ Mott-Schottky 
(II-*cm-‘) (cm-‘) (cmYv.s.) (ev) (V/SCE) plots (V/SCE) 

ZnO 1 9.7 x 10’8 0.640 3.20 (E,) -0.90 -0.80 
ZnO : Cr3+ 5 x 10-Z - - 2.20 -0.75 - 
ZnO : MnZ+ 10-l 3.3 x 10’9 0.020 1.80 -0.75 -0.80 
ZnO : Fe’+ 3 x 10-Z - - 2.75 -0.70 - 
ZnO : Coz+ 10-l 1.1 x 1020 0.006 1.65 -0.90 -0.90 
ZnO : Ni*+ 10-l 2.4 x 10zo -0.003 2.10 -0.60 -0.70 
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FIG. 5. Action spectra of the semiconducting electrodes at pH 13 and under a V = 0 VlSCE anodic 
bias. 

states (Mn2+ or Co2+), followed by an elec- 
tron tunneling to the conduction band; the 
corresponding photoholes are generated in 
the valence band and can easily reach the 
surface of the electrode (Fig. 6b). But these 
Mn2+ and Co2+ levels must be empty in or- 
der to act as acceptor states for the elec- 
trons photoexcited. Then the Fermi level 
must be lowered below the impurity states 
by a large anodic bias (>1.55 V for Co2+). 

(ii) An electronic transition from the in- 
traband gap states (Mn2+ and Co2+) into the 
conduction band of ZnO as pointed out pre, 
viously (Fig. 6~). In this mechanism, either 
a large anodic bias must be applied to the 
electrode in order to instigate a hole tun- 
neling effect via the valence band (~1.4 V 
for Mn2+ and > 1.55 V for Co2+) or the holes 
migrate in the impurity band toward the 
surface of the electrode, with a high mobil- 
ity. 

As shown in Fig. 5, a net photocurrent is 
observed when the potential applied to the 
electrode is low: V = 0.8 V (i.e., 0.0 V/ 
SCE). Then neither the mechanism (i) nor 
the hole tunneling effect in mechanism (ii) 
are likely to occur. As a consequence 
mechanism (ii) could be taken into account 
provided the hole mobility in the subband 
gap states is enhanced by an appropriate 

phenomenon (such as structure defects, im- 
purity levels, etc.) in order to cross the de- 
pletion layer and reach the surface of the 
electrode (Fig. 6d). 

This could result from a concentration 
gradient of the dopant near the surface of 
the electrode enlarging the narrow impurity 
band or increasing the number of surface 
states within the band gap.’ Such a possibil- 
ity cannot be neglected since the same pho- 
toresponse has been found for an electrode 
doped with cobalt by two different ways: 

-Sintering at 1200°C a pellet prepared 
from an intimate mixture of ZnO and COO. 

-Introducing Co2+ inside a presintered 
ZnO pellet by evaporation of Co304 in aer- 
ated atmosphere (27). 

A slight difference in concentration, 
larger at the surface than in the bulk has 
been claimed already for Zno.&oo.o10 pel- 
lets (24). 

We can notice that the onset of 
ZnO : Mn2+ and ZnO : Ni2+ anodes occurs 
at 700 and 600 nm, respectively. These val- 
ues are shifted toward the long wavelengths 
as compared to the onsets of the 
TiO2: Mn2+ (430 nm) and Ti02: Ni2+ (550 
nm) electrodes (1). 

I Such an hypothesis is under investigation and will 
be published later. 
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FIG. 6. Impurity levels in doped ZnO samples and possible processes giving rise to a visible pho- 
toresponse: (a) impurity levels, (b) mechanism (i), (c) mechanism (ii), (d) most likely mechanism. 

If one assumes that the Ti02 and ZnO 
valence bands, which arise both from the 2p 
oxygen orbitals, lie at the same level and 
that the band gaps have identical widths 
(3.2 eV), then the previous values give evi- 
dence that the electron-hole recombination 
is higher in the doped TiOz electrodes than 
in the analogously doped ZnO electrodes. 
This result is consistent with the high mo- 
bility of the electrons expected in the large 
(4s, 4p) zinc oxide conduction band. 
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