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The electronic structure of normal spinel structure Zs@hs investigated using combined optical
properties measurements and density functional calculations. We find semiconducting behavior with an
indirect band gap between crystal field split Rh 4d levels, with, &dlence band and ary eonduction

band. The band gap is found to bel.2 eV based

on a comparison of the calculated and measured

optical conductivities. The results are discussed in terms of potential photoelectrochemical applications.

I. Introduction

The 1970s discovery that electrochemical cells withTiO
anodes and metal cathodes can decompose water iratocH
0O, when exposed to lightorompted considerable interest
but has yet to lead to a practical solar energy technotdgy.
The reason is that the band gap of 7i@; ~ 3.2 eV) is too
high to efficiently use the solar spectrum, and materials that
are significantly better have not been identified. Specific

requirements are a band gap that can effectively use the solar

spectrum (i.e.,~2 €eV), chemical stability in a corrosive
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Figure 1. Schematic level schemes for metal oxides in the context of

aqueous environment, and flat band potentials (band edgesphotoelectrochemical hydrogen production. A is the typical case, as in TiO
that span the water splitting redox potentials. In particular, B is the case that may arise in a material with a band gap in the metal d

the last requirement means that the conduction band edg
must be above the HH; potential, which is approximately
4.4 eV below vacuum. Although the flat band potential is
somewhat pH dependent (by0.5 eV going from pH= 2

to pH = 14), this requirement remains very difficult to satisfy
in stable oxides with band gaps near 2 eV. This challenge
can be rationalized in chemical terms. Many common stable
oxides, including TiQ, have band gaps between occupied
O 2p valence bands and unoccupied metal derived conduc
tion bands. TiQis also known to have interesting quadru-
polar transitions on the direct forbidden absorption etge.

The position of the O 2p bands in stable oxides is
determined mainly by the Mulliken electronegativity of the
O ion, which is approximately 3 eV below the*HH,
potential. While it may be possible to chemically control
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é)ands, as discussed in the text.

band gaps via the Madelung potential, such tuning also would
be expected to destabilize the oxide because the stabilization
of O?" ions by the crystalline Coulomb potential is key to
the stability of oxides. The apparent alternative is to use metal
oxides where the band gap is not of charge-transfer type
between O 2p valence bands and metal conduction bands
but rather is within the metal states. Then a stable oxide could

have a higher valence band maximum and, thus, a sufficiently
high flat band potential accompanied by a smaller band gap.
For example, one could consider transition metal oxides,
where the transition element is in an octahedral crystal field,
and one then has a closed shell with six electrons. This
approach is schematically illustrated in Figure 1.

Crystal field splittings in transition metal oxides are mainly
the result of hybridization between oxygen 2p levels and
metal d states, and the resulting gaps are generally smaller
than the 1.52.0 eV minimum needed for use in direct
photoelectrochemical Hproduction. However, because these
gaps originate in hybridization with ligands, it may be that
larger values can be obtained in materials with stronger
hybridization, especially 4d and 5d oxides. Thus the report
by Mizoguchi and co-workers that normal spinel structure
ZnRhOy is a p-type semiconductor with a band gap of 2.1
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eV is of considerable intere3tinterpretation of photo- 6

emission experiments is, however, often complicated by 4k ‘\X/\
surface sensitivity, especially in three-dimensional oxides. ;
Optical spectroscopy provides a more direct, bulk sensitive 2F 1
measurement. Here we report density functional calculations 0 | |
and optical investigations .of thg_ electronic st.ructure, with S — —
an eye toward the potential utility of ZnRXB, in photo- & 2 T TT——]

electrochemical applications. 4 %%
—

Il. Methods 6 — =————
8
ZnRhO,4 was prepared through the reaction of stoichiometric i ——
amounts of ZnO and metallic Rh. A thoroughly ground mixture of -10
the starting materials was pressed into a 1/4 in. pellet and air r X w L r

annealed overnight at incrementally increasing temperatures fromFigure 2. LDA band structure of ZnRiOx.

900°C to 1250°C. To bring this reaction to completion, multiple . . . . . , .

heat treatments~(1 week total) under a flowing oxygen atmosphere a7 Total l
at 1175°C were necessary to fully react the starting materials. Even

after this prolonged reaction period a trace amount of RB%) 20
was visible as minute peaks in the X-ray diffraction pattern.

Near normal reflectance experiments were carried out on a 15
pressed powder sample over a wide energy range (3.71665/
eV) using a Bruker 113 V Fourier transform infrared spectrometer
and a Perkin-Elmer Lambda 900 grating spectrometer, as described
previously® The spectral resolution was 2 chin the far and
middle-infrared and 2 nm in the near-infrared, visible, and near-
ultraviolet. The optical conductivity and absorption coefficient were
calculated by a KrametsKronig analysis of the measured reflec- 0
tance’ An open flow cryostat and temperature controller were used
for variable temperature measurements. E(eV)

The density functional calculations were performed using the Figure 3. Calculated LDA density of states and projections for ZsBh
general potential linearized augmented planewave (LAPW) méthod, The density of states is on a per formula unit basis, and the projections are

. . onto the LAPW spheres.
at the experimental lattice parameter of 8.506 A, and the calculated . . . fi Th lculated val 0.261 01 d
local density approximation (LDA) internal structural parameter minimization. 1he calculated value was= U. » an

u. Two codes were used and cross-checked: a local LAPW codethe corresponding full symmetry Raman frequencyis-

and the WIEN2K codé? Local orbitals were employed to treat 622 cntt, . )
the high lying semicore states of Rh and the Zn d states and to The band structure consists of several manifolds. In order

relax linearization errors. A set of 60 specialpoints in the of increasing energy these are (1) from-9 eV to ~—3
irreducible wedge was used for the Brillouin zone sampling during eV, O 2p derived bands, (2) from—3 eV to the valence
the iteration to self-consistency, and well-converged basis sets ofpand edge (set to 0 eV), Rk, derived bands, and (3) from
approximately 1500 LAPW functions plus local orbitals were the conduction band edge te2.5 eV, Rh @derived bands
employed. The LAPW sphere radii were 2dfor Znand Rhand  gnq from~2 eV to~5 eV, Zn s derived bands. Both the Rh
tlﬁg?fr;c()jrugi.b-lrehsvggtlzal calculation was based on 286oints in - ' ang g manifolds are narrow. This localization is a
ge- characteristic of spinel structure transition metal oxides,
) ) AB,0,4, which have bent BO—B bonds. Thus, according
IIl. Results and Discussion to the LDA, the band gap is between crystal field split
transition Rh 4d manifolds, and the oxygen 2p states are

structure is shown in Figure 2. The corresponding electronic deepe_r. Thus the l_)asw scenario Ia'd. out a_lbove_ for_ a
density of states and projections onto the LAPW spheres arepotennally useful oxide photoelecirode is Tea"zed n t his
given in Figure 3. As mentioned, the internal parameter usedcompound. However, the LDA hand gap is substantially

in the band structure calculations was determined by ener smfiller thap that required and also much lower than the value
y gyestlmated in ref 5. The calculated band gagEglLDA) =

0.65 eV is indirect between a valence band maximurX at
and a conduction band minimum displaced froton the

10

N(E) / formula unit

A. Density Functional Calculations. The LDA band
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substantially underestimate band gaps in most semiconduc-
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tors and insulators. This tendency is due mainly to a 10 DA
discontinuity in the exchange correlation potential and is 2 GGA
expected to persist even for the exact density functional. gl
However, Mattheisg argued that because crystal field gaps
arise from metal hybridization, which is well-described, and
because the character of the valence and conduction band i
states is essentially the same, these should be better described &
within density functional theory. If this is correct, then there
would still be errors in band gaps, but these would be due 0
to the particular approximate density functional employed. 2t N/
For example, the LDA tends to overestimate hybridization, ,/ ' e A
leading to overestimated exchange interactions, while the 0 v L L . . .
GGA has other errors. However, if the argument of Mattheiss 0 1 2 3 4 5 6
holds here, the main error in the gap would be due to the E(eV)
approximate density functional and not the exchange cor- Figure 4. Calculated LDA and GGA optical conductivity of Zn&bs
relation discontinuity. This approach is appealing from a I(arbitrary units), with a 0.1 eV broadening. The inset is a blow-up in the
. . . . . . Oow energy region.
practical point of view because, if correct, density functional
band structures could be used as a direct screen for novel T S ——— T
oxide photoelectrode materials. However, in that case, the
values obtained in the calculation are not consistent with a
2.1 eV experimental (photoemission and inverse photo-
emission) gap in ZnRRhO,.

The shape of the LDA density of states is suggestive of a
possible resolution to this discrepancy. In particular, the
bands at the top of thegtand g manifolds are much less
dispersive than the bands at the bottom of the respective
manifolds. This shape is characteristic of spitiefsand has
been discussed in tight binding terdisThe result is an £
density of states that is small at the bottom of the band and
has a prominent peak at higher energy, reminiscent of the
basic shape of data of ref 5.

However, optical spectra involve matrix elements, which
may be very important here, because the basid character
of the transition is dipole forbidden. Thus, hybridization with
ligands and thé dispersion may be important. Therefore,
we performed calculations of the optical conductivity, based
on the band structure, and calculated wave functions using
the optical package of the WIEN2K code. As shown in
Figure 4, the low energy part of the optical conductivity
shows a small onset corresponding to the direct gap followed
a more prominent peak at higher energy. This supports the
above conjecture about the discrepancy of the previously
reported and calculated band gaps. —

B. Measured Optical Properties.Figure 5 displays the 12 14 Enéf (ev)l's 20
optical conductivity of ZnRkO, at 5 and 300 K as a function . _ N &y
of energy. The spectra show a series of electronic excnatlonsi'%ggf-ef(?r)agzt('jc?r'ocn‘i”t?]‘écm’gg;ﬁzg"i fcl)::‘ftglr%(?é f’gy5éb}'<“re) and 3i§0
with an~1.5 eV onset to the conductivity. These results are anaiysis. The inset shows the far-infrared vibrational spectrum at 300 K.
consistent with previous inverse photoemission stuitliith (b) Two functions, ¢E)2 and @E)Y2, useful for extracting direct and indirect
the exception of the low energy electronic structure (dis- 9ap information, as a function of photon energy at 5 (blue) and 300 K

. . (red). Dashed lines guide the eye. Orange squares mark direct gap intercepts,
cussed below). The shape is similar to that of the LDA ypereas the green triangle marks the indirect gap intercept.
calculations, except that the onset is at somewhat higher
energy, and the minimum in the LDA conductivity a#.1 6 eV, which is due to transitions from the O 2p derived bands
eV is not evident in the experimental spectréiSignifi- to the metal gbands. This correspondence means that the

cantly, the peak positions agree well, including the peak nearband positions are accurately determined by the LDA
calculations. Based on our electronic structure calculations

o+ Energy’ (Arb. Units)
o'% Energy'” (Arb. Units)

r
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excitation. This symmetry forbidden transition is made
possible due to crystal-field splitting of the Rh 4d orbitals
and the hybridization of Rh d @O p states. Similarly,
electronic excitations above 3 eV are assigned as ©-2p
Rh 4d charge-transfer excitations.

The theory of energy gap determination from optical
absorption spectra of solids is well-established. The absorp-
tion coefficient,a(E), consists of contributions from both
the direct and the indirect band gap transitiSasd is given

by
A B
() = E(E — Egq) "+ EE~ Egna FE)’ (1)

whereEg g andEg ing are the magnitude of direct and indirect
gaps, respectivelyky, is the emitted (absorbed) phonon
energy, andA andB are constants. The precise profile (eq
1) assumes a simple band shape and may not be exactl
followed in a material with complex band structure. The
direct energy gap can be extracted by plottiode)® as a
function of photon energyH). The fit for a direct gap of
ZnRh,O,, obtained from a linear extrapolation aif)? to
zero (as indicated by the dashed lines in Figure 5b), would
be~1.74+ 0.02 eV at 300 K and-1.79+4+ 0.02 eV at 5 K.

The gap sharpens at low temperature, a characteristic
response. To extract the indirect gap parameters, it is usual®

to plot (aE)¥2 as a function of energy, as shown in Figure
5b. Two different slopes indicate the indirect nature of the
absorption proces8.The indirect energy gap and the phonon
energy are estimated by extrapolatingE[*? to zero, as
indicated by the dashed lines. In particular, extrapolation of
the two different slopes oftE)"?2 shown to zero yields 1.21
and 1.46 eV. Within the model, these dfg— Ep, andEqy

+ Epn, WhereEy, is the phonon energy. Thus at 300 K, we
find Eg ~ 1.334+ 0.03 eV, as indicated by the green triangle
in Figure 5b. However, the phonon frequency is significantly
above the calculated Raman frequency and the bond stretch
ing infrared active phonon frequencies, as mentioned below.
In a complex material like ZnRD, several phonons could

Chem. Mater., Vol. 18, No. 11, 2002699

to the direct gap and the higher result of the direct gap fit
(1.79 eV) corresponds to the onset of transitions to the flat
bands at the top of the;enanifold. Thus, the gap may be
present only as a tail in thexE)? response (Figure 5b).

Interestingly, these values of the band gap are similar
to those obtained in the trivalent compound @4
However, as mentioned, there is no evidence for this phase
in our sample. The single effective phonon energy parameter
for the fit is ~125 + 25 meV (10084 200 cm?!). The
phonons coupled to the indirect transition can be optical or
acoustic modes, depending on the matéfiaf? and here
apparently high frequency optical phonons are involved. In
an oxide, modes in this frequency range are generally bond
stretching oxygen modes. These would be expected to
modulate the metalO hybridization, which would couple
strongly to the optical response because thel dransition
is only allowed at lowest order due to the hybridization with

p states.

We measured the vibrational properties of Zp8hto
check for evidence of the participating phonon mode in the
indirect transitions (inset of Figure 5a). We observed four
infrared active modes at 21.45 meV (173¢n36.82 meV
(297 cnY), 67.20 meV (542 cmt), and 73.52 meV (593
cm™1), consistent with the group theory analysis for a spinel
tructure?® Based on vibrational properties studies in similar
spinels?®-26 we assign the vibrational modes at 73.52 and
36.82 meV to the asymmetric 20 stretching and bending
modes in the ZnQtetrahedra and the vibrational modes at
67.20 and 21.45 meV to the asymmetric-RD stretching
and bending modes in the Rh@ctahedra. From our estimate
of the indirect gap and phonon energy required to activate
the excitation, we find that at least two vibrational modes
are coupled to the indirect gap excitation. Based upon energy
scale arguments, the participating modes are likely the 67.20
meV (542 cm?) and 73.52 meV (593 cm) Rh—O and
Zn—0 stretching modes, respectively.

IV. Conclusions

contribute to phonon assisted optical absorption, and so the ' ' .
effective frequency and precise shape of the spectrum may Based on our optical measurements and comparison with
not be given by the simple expression above. This is true density functional calculations, we conclude that the band
even in a structurally simple material such as G&N. gap of spinel ZnRjO; is ~1.2 eV, which is much lower
However, for single phonon processes g defining the than previously reported._ With the exception (_)f the value of
onset cannot be higher than the maximum available phononthe band gap, we do find that the scenario for a good
energy. Furthermore, the conductivity shows a similar 1.21 photoelectrode material is satisfied in this material. The band
eV onset even at low temperature where there should be nogap is small, even though the conduction band is high enough
significant phonon assisted absorption. Thus the vEjue above the O 2p states to be above thegHh potential. The
1.33 eV should be viewed as an upper bound on the gap,correspondence between experimental measurements and the
and considering the shape of the spectrum as compared wittalculated band structure supports the view that density
the calculated low-energy LDA spectrum, which does not functional calculations can be used to calculate band gaps
include phonon assisted absorption, an alternate interpretatiorin this type of material, in agreement with the argument of
would be that the onset of absorption at 1.21 eV correspondsMattheiss'? Optical spectroscopy is very useful for this
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