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We propose coreshell INP-CdS and InP-ZnTe nanorods as photoelectrodes in the efficient photoelectro-
chemical hydrogen production. On the basis of our systematic study using strain-degepdeebry, we

find that in these heterostructures both energies and wave function distributions of electrons and holes can be
favorably tailored to a considerable extent by exploiting the interplay between quantum confinement and
strain. Consequently, these ceghell nanorods with proper dimensions (height, core radius, and shell thickness)
can simultaneously satisfy all criteria for effective photoelectrodes in solar-based hydrogen production.

I. Introduction corrode or become inert in the aqueous médbme of the best

s photoelectrodes identified for hydrogen production to date is
p-type GalnR, which has a band gap of £8.9 eV® However,

its band edges are too negative to effect photoelectrolysis, and

the PEC process, a semiconductor material absorbs Iight,more seriously, the material is unstable and susceptible to

resulting in the generation of electrehole pairs, and thus ~ €°r'osion in watef:? .
serves as a photoelectrode. These electrons and holes, instead Th? advent of nan.ot.ech.nology opens new avenues to dis-
of running through a circuit, as in photovoltaics, are consumed covering and synthesizing improved semiconductor photoelec-
at the semiconducterelectrolyte interface to effect the splitting ~ trodes for hydrogen production. Nanostructures have been
of water into hydrogen and oxygen. After several decades’ effort, frequently used to obtain large surface-to-volume retiand
however, the solar-to-hydrogen efficiency remains too low for ultrafine nanopartl.cles have begn explored to modify the local
PEC hydrogen production to be cost-effective for large-scale electron polarization and spatially separate photogenerated
applicationg The major obstacle is to find a suitable semicon- €lectrons and hole$. However, the most fundamental and
ductor material to serve as a photoelectrode that simultaneoushf@scinating aspect of nanostructures, quantum confinement, has
satisfies four stringent requirements: (1) The semiconductor N0t yet been seriously utilized in PEC hydrogen production.
material must have a band gap in the range-2B eV to Since all of the aforementioned criteria are essentially controlled
capture most of the photons in the solar spectrum. (2) The by the underly!ng electrorjlc_strugture of the material, expl_omng
conduction and valence band edges, or the lowest unoccupiediu@ntum confinement will in principle enable one to tailor a
molecular orbital (LUMO) and highest occupied molecular nanostructure to meet these criteria. We note, however, that
orbital (HOMO), of the materials must overlap the/H,O and simply rec_zlum_ng the size of a single material to th(_a nanometer
0./H;0 redox potentials to provide the free energy needed underScale, which in general increases the band gap, is usually not
H,/O, evolution conditions. (3) Charge transfer across the helpful in hydrogen production. This is because for the
semiconductorliquid interface must be fast compared to the Photoelectrodes stable in water the gap is already too large,
electron-hole recombination. (4) The semiconductor surface Whereas for semiconductors with smaller band gaps the quantum
must be chemically stable in the agqueous medior a bulk confinement does not address the problem of reactivity in water.
material, the band edges and their relative positions with respectHere, we suggest that nano-heterostructures are the places where
to H;0 redox potentials are intrinsic material properties and ON€ can best exploit quantum confinement and strain to
can be modified externally only to a limited exténience, effectively tailor the electronic structures for hydrogen produc-
considerable efforts in the field of PEC hydrogen production tOn while simultaneously addressing the stability in water.
have been devoted to searching for a material that fortuitously ~In this paper, we study coreshell nanorods and examine
meets these four criteria. To date, semiconductor photoelectrodegheir electronic structures and wave functions against all of the
with a demonstrated high efficiency in splitting water have large criteria for an effective photoelectrode in PEC hydrogen
band gaps and only make use of the ultraviolet portion of the production. Core-shell nanospheres, while intensively studied,
solar spectrur.On the other hand, semiconductors with smaller are unsuitable for PEC hydrogen production (as will be shown
band gaps that better match the solar spectral distribution eitherin the next section). Having scrutinized many nanostructures
made of various semiconductors, we find that H@GdS and

*To whom correspondence should be addressed. E-mail: InP—ZnTe core-shell nanorods can be tailored to satisfy all of

Splitting water using a photoelectrochemical (PEC) proces
for efficient hydrogen production is a promising approach that
can ultimately solve the energy problem facing humahity.

Zhi;%aé‘ﬁi%’;‘e%gtii-gﬁgl‘- these criteria and therefore are promising nano-photoelectrodes.
* University of lowa. In section Il of this paper, we describ_e our desig_n of eore
§ University of California, Santa Barbara. shell nanorods for hydrogen production. In section Ill, we
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present our theoretical approach. Section IV is devoted to (@) core @ Core
discussions of results on cefshell INP-CdS and InP-ZnTe L TP L e
nanorods. Finally, we summarize our conclusions in section V. Insulaor Shell Tnsulaor Shell
V7 cas ¥ e

Il. Core —Shell Nanorods for Hydrogen Production ~——

Conductive Substrate onductive Substrate

To identify materials and structures as efficient photoelec-

trodes for hydrogen production, we begin with a common hy hy
semiconductor with a band gap close to the desired value, for v
example, InP (1.4 eV). To protect it from corrosion in the ) B0 M| pmo
agueous environment, we can coat it with a shell to form a i ‘m . Co,
core-shell heterostructure. The shell must be stable in water 10 1o
and have a large band gap so that most photons in the solar (Oz Cm

spectrum can penetrate into the core for absorpt_io_n and creatioq:igure 1. Schemetic device structures showing the el InP—
of electron-hole pairs. Once an electremole pair is created  cds (a) and InPZnTe (b) nanorods used in hydrogen production. First,
in the core, it should have a sufficiently long lifetime to complete |np rods are grown on a conductive substrate to form cores; then, an
the redox reactions before the electron and the hole recombineinsulator layer is deposited on the substrate. Finally, CdS or ZnTe is
The most effective way to reduce such a recombination is to grown to cover the InP cores and form the ces@ell nanorods.
spatially separate the electron and the hole immediately upon
creation, which can be achieved in a heterostructure with so- €dges in the core and in the shell are similar. In theHdRTe
called type-Il band alignment. In a system with type-Il band nanorods, the valence band edges in different regions are similar.
alignment, the conduction and valence band edges of the smaller The envisioned device structures based on the-eshell
band gap material are not within the gap of the larger band gap InP—CdS and InP-ZnTe nanorods for hydrogen production are
material. In the coreshell structures considered here, where illustrated in Figure 1. The shell in such a structure can serve
the core has a smaller gap than the shell, type-Il band alignmentas the anode (cathode) in the electrochemical process of
occurs if either the conduction band edge in the shell is lower hydrogen production if the hole (electron) is localized in the
than that in the core or the valence band edge in the shell isshell, at whose surface oxygen (hydrogen) is generated. The
higher than that in the core. In the former situation, the electron core is connected to the cathode (anode) through a conductive
(LUMO) tends to stay in the shell to lower its energy, while substrate, on which the structure is grown, to facilitate hydrogen
the hole (HOMO) remains in the core, whereas, in the latter (0xygen) generation. To minimize the interference between
situation, the LUMO is distributed in the core, while the HOMO  electron and hole charge transfer processes, an insulator layer
is in the shell. is grown between the shell material and the conductive substrate.
We emphasize that a very strong type-Il band alignment (i.e., For the InP-CdS structure in Figure 1a, electrons are localized
a large discontinuity in either the conduction or valence band in the shell and holes in the core, whereas, for the-AiRTe
edge) is not beneficial for hydrogen production, because it will Structure in Figure 1b, electrons are in the core and holes in the
necessitate a much larger band gap in the core than that requireghell.
to facilitate the redox reactions, thereby reducing the solar-to- Recent advances in the synthesis of nanoparticles and
hydrogen efficiency. Thus, it is desirable that the eeskell nanostructures give promise of successful fabrication of the
structure have a weak type-Il band alignment with either the Proposed device structures in Figure 1. In particular, high-quality
conduction band edge or the valence band edge being similarlnP nanocrystals with different shapes and dimensions have been
across the System' which not 0n|y retains a h|gh solar-to- Synthesized by colloidal ChemiStry methé&tsnd further coated
hydrogen efficiency but also provides strong quantum confine- by a variety of I-VI materials including CdS, ZnSe, and CdSe
ment effects in ta“oring the electronic structures. with controlled thickness to form coreshell Sphere§? Possible
Since the HOMO and LUMO of a system often do not unpassivated dangling bonds on the surface of the nanorods,
overlap the water redox potentials, it is necessary that the Which may give rise to undesirable localized states that trap
HOMO and LUMO can be tuned either upward or downward. Photogenerated electrons and holes, can adversely affect the
Simply reducing the system size is not an economical approachPerformance of these photoelectrodes. However, it has been
to improve the overlap, since it pushes the HOMO and LUMO demonstrated that such unpassivated dangling bonds can be
to opposite directions, which significantly increases the gap and effectively eliminated by etching processés.
consequently reduces the solar-to-hydrogen efficiency. A more )
efficient way is to shift the HOMO and LUMO in the same lll. Theoretical Approach
direction or independently, which can be achieved in a structure  Due to the lattice mismatch between the materials comprising
where the HOMO and LUMO are spatially separated, as will a core-shell nanorod, the calculation of electronic properties
be shown below. requires a method that accounts for the strain-induced modifica-
Finally, to maintain a fast hydrogen and oxygen production, tion of the semiconductor band structure. Nanorod calculations
both electrons and holes must transfer from the photoelectrodeare done numerically, using a well-established technique that
into the solution quickly and therefore both the core and the has been used for the study of self-assembled strained quantum
shell must be accessible from the solution. This requirement dots!* First, the strain is calculated using linear continuum
renders spherical coreshell structures, which have been elastic theorif and the finite element method. The calculated
extensively studied both theoretically and experimentéity3 strain is then used as input to a real-space strain-depekgent
unsuitable for PEC hydrogen production, although they are Hamiltonian, using four bands for the valence states and a single-
useful in many other applications. Having taken into consider- band effective mass model for the conduction states.
ation all of these aspects, we identify the ceshell INP-CdS The strain distribution in a structure with lattice mismatched
and InP-ZnTe nanorods as efficient photoelectrodes in hydro- materials is obtained by minimizing the elastic energy, given
gen production. In the INPCdS nanorods, the conduction band by
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wheregj is the strain tensor, th€'s are material-dependent
elastic constants, ardis a parameter used to enforce the lattice
mismatch between the two materials. The strain is given in terms
of the displacement by; = (¥2)(diy; + 9ju;). F is constructed

as a function of the’'s on a cubic grid with derivatives replaced
by differences and then minimized using the conjugate gradient

algorithm.
Because the materials to

be studied in this paper lack

inversion symmetry, the strain produces a polarization given
by Pi = gjkoj. leading to an additional electrostatic potential.

For zinc blende semiconductors, the only nonzero elements of
the piezoelectric tensor aggy, =

€yx = €zx = €14. From the

polarization, we can compute the electrostatic potentg! lfy
numerically solving the Poisson equation.

The electronic states are computed by Lanczos diagonalization

of a real-space representation of fapHamiltonian on a cubic
grid. For the conduction band states, the Hamiltonidh is

Ho=E.

hZ
—ﬁ(aﬁ 30+ 9) + a(o, + 0, +0,) — eV,

)
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Here,E, is the valence band edge of the unstrained sysfem,
(i=1, 2, 3) are the Luttinger parametens, is the free electron
massa, is the valence band hydrostatic deformation potential,
A is the spir-orbit coupling, and andd are shear deformation
potentials. The values of these parameters used in the calcula-
tions are summarized in Table 1. Here, we consider only zinc
blende CdS and ZnTe.

Having obtained the eigenstates in the conduction and valence
bands, we can calculate the binding eneifgy 6f an electron-
hole pair due to the Coulomb interaction

[elr ) Pln(ro)1?

E,= fdr, [dr,

wherey. andyy, are the eigenfunctions of a conduction electron

)

€olf1 — Iyl

whereE. is the conduction band edge of the unstrained system, and a valence electron, respectively, afds the dielectric

ac is the conduction band hydrostatic deformation potential, and constant of the system, which is approximated in the calculations
m is the effective mass of conduction band electrons. To to be the simple average of the dielectric constants for the core
determine the valence band states, we diagonalize the four-bandind shell materialsg, = (€£°° + 5"®')/2.

strain-dependent Hamiltoni¢h

H, = Hi + H — eV, A3)
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IV. Results and Discussion

In this section, we discuss in detail the electronic structures
and wave functions as well as their dependence on the
dimensions of InP-CdS and InP-ZnTe nanorods. To simplify
our calculations while still capturing the essential physics, we
consider coaxial, open-ended cylindrical coshell nanorods,
although, in practice, the core at one end of the nanorod is
capped by the shell material, as illustrated in Figure 1. In the
calculations, a cylindrical rod is arranged in such a way that its
axis is along the-axis, and the plane af= 0 is located at the
half-height of the rod. The cylindrical coordinates @, z) are

TABLE 1: Material Parameters Used in the
Calculationst’=23

parameter InP Cds ZnTe
me 0.0790my 0.173ng 0.16my
7y 5.08 2.2 3.44
75 1.60 0.35 0.59
75 2.10 1.53 2.03
Eq (eV) 1.42 2.56 2.39

(eV) 0.48 0.90 1.16
E, (eV) —0.94 —1.60 -1.23
A (eV) 0.108 0.0 1.0

(eVv) —6.0 —3.59 —6.95
a, (eV) —0.6 —1.51 —2.28
b (eV) -2.0 -0.5 -1.2
d(eV) -5.0 -3.7 -55

4 0.035 0.21 0.028
C11 (GPa) 101.1 77.9 71.3
C12(GPa) 56.1 52.7 40.7
Cu4(GPa) 45.6 24.1 31.2
a 0.586 97 0.582 0.610
€ 12.5 8.5 10.4



22916 J. Phys. Chem. B, Vol. 109, No. 48, 2005 Yu et al.

3 ' T ' T ' ‘ | 4
2 - —
3 - —
— 1 s
>
R A D G 1 =
3 of . %N 2 =
o B
W e ——————x i #
N B
\ 4 1 a:; —
N 2
-2 N — =f
== W= — K= — K— — —X— — —) %-g
. ] . ! ) I L ] 2l 3
30 1 2 3 4 % 1 3 4 5
r (nm) |z] (nm)
Figure 2. Conduction (solid line) and valence (dashed line) band edges Figure 4. Charge distributions of the HOMO (striped bars) and LUMO
for a core-shell InP-CdS nanorod witiH = 10 nm,R =5 nm, and (shaded bars) along tlzeaxis in the same coreshell INP-CdS nanorod
R, = 2 nm. The circles and crosses represent the computational grid as that in Figure 2.
points at which the material is specified.
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Figure 5. Integrated charge distribution in the coré.4¢ for the
Figure 3. Radial charge distributiorDy(r), of the HOMO (striped HOMO (crosses) and the LUMO (circles) as a functiorRpin core—
bars) and the LUMO (shaded bars) in the same structure as that inshell InP-CdS nanorods with fixe®R = 5 nm andH = 2 nm.
Figure 2.

uted within the corer(< 2 nm), whereas the LUMO is mainly
used throughout the paper. We denote the core radi®&,as |ocalized in the shell (2 nnx r < 5 nm). These distributions
the overall radius aR, and the height abl. The thickness of  clearly indicate the spatial separation of the HOMO and LUMO.
the shell is thusl = R — Ry. Moreover, the HOMO and LUMO also have different

A. Core—Shell InP—CdS Nanorods. First, we show a distributions along the-axis. The distribution function along
typical band alignment of a coreshell INnP-CdS nanorod. These  the z-axis is defined as

band edges are obtained by minimizing the elastic energy due

to strain and neglecting the kinetic energy of the electrons. Such D.(1z) =2 (dr [do 1w(r. 0.2 9

band edges can be regarded as spatially dependent potentials A12) f f (. 0, 2)] ©)

for the valence and conduction electrons. We plot in Figure 2 e see from Figure 4 that the LUMO is mostly localized in
the conduction and valence band edges along the radial directionhe center of the nanorogz( < 2 nm), whereas the HOMO is

in the plane oz = 0 for an INP-CdS nanorod witlR = 5 nm, localized outside the centelz( > 2 nm). The different charge

H =10 nm, andR, = 2 nm. It should be noted that the band jstributions of the HOMO and LUMO along tteaxis can be
alignment depends on the strain and therefore is a function of ysed to enhance their spatial separation to achieve faster charge
dimensions of the structure. We see from Figure 2 that this transfer dynamics.

nanorod exhibits a weak type-Il band alignment, with the  |n a core-shell INnP-CdS nanorod, both the charge distribu-
conduction band edge in the shell being slightly lower than that tions and the energies of the HOMO and LUMO can be tuned
in the core. Thus, in this structure, once an electibole pair o a considerable degree by adjusting the dimensions of the

is created in the core by photoexcitation, the electron (LUMO) strycture. We define the integrated charge distribution in the
tends to migrate to the shell while the hole (HOMO) remains core for an eigenstate as

in the core.
To demonstrate the spatial separation of electrons and holes, ledr D,(r)
we define a radial charge distributioD,(r), for an eigenstate, P = ° ! (10)
core
v _/‘gdr Dy(r)
D,(n) = de fd@ rly(r, 0, 2)1? (8) which measures whether an eigenstate is mainly in the core

(Pcore > 0.5) or in the shell Reoe < 0.5). Figure 5 shows the
Figure 3 displays the radial charge distribution of the HOMO Pcq values of the HOMO and LUMO as a function of core
and LUMO. We see that the HOMO is predominantly distrib- radius Ry) in INP—CdS nanorods with a fixed height bff = 2



Core-Shell Nanorods for Efficient PEC H Production

2.0
‘\A—A—/—‘

1.0 -
< - o — 00— *
2
3 0.0 |
@
C
I}

1.0 x/*_/—*——-x n

R . | . | . | . |

2'OO 1 2 3 4 5

R, (nm)

Figure 6. Energies of the HOMO (crosses) and LUMO (circles) as
well as the energy gafkf) (triangles) as a function d®; in the same
structure as that in Figure 5.

nm and an overall radius & = 5 nm. We see that, as the core
radius increases and the shell thickness decreases (because
the fixedR), the system undergoes a transition. At small core
radii, the HOMO and the LUMO are well separated, with the
HOMO predominantly in the core and the LUMO in the shell.
With increase of the core radius, the LUMO gradually moves
from the shell to the core, and eventually, both the HOMO and
the LUMO become localized in the core. This transition is

understandable because, as the core radius increases and the

shell thickness decreases, the LUMO, initially localized in the
shell, will feel a stronger quantum confinement, which in turn

increases the electron kinetical energy. When the increased

kinetic energy overcomes the conduction-band-edge offset
between the core and the shell, the LUMO will have a lower
energy in the core.
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Figure 7. Integrated charge distribution in the core.4e for the
HOMO (crosses) and the LUMO (circles) as a functiorHodf core—
shell InP-CdS nanorods with fixe® = 2 nm andR = 5 nm.
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Spatial separation of photogenerated electrons and holes cafwell as the energy gafE) (triangles) as a function dfl in the same

greatly reduce their recombination (both radiative and nonra-
diate) probability. Although an accurate determination of the
recombination rate requires a detailed computation of transition
matrix elements, the recombination rate is approximately
proportional to the square of the wave function overlap between
the HOMO and the LUMO @2) which can be estimated from
the P.ore Values of these states via

®? ~pH pt

cor core+ (1 - PcHore)(l - I:)c|;ore) (11)

where P . and P, are thePeor values for the HOMO and
LUMO, respectively. For the InPCdS nanorods described in
Figure 5,®2 changes from 0.74 &; = 4 nm, where both the
HOMO and the LUMO are localized in the core, to 0.14 at
Ry 1 nm, where the HOMO and LUMO are spatially
separated, indicating that the recombination lifetime can be
significantly extended (5-fold) through the spatial separation
of the HOMO and LUMO.

Apart from the charge distribution, the quantum confinement
effects also change the energies of the HOMO and LUMO. We
plot in Figure 6 the HOMO energyE(;), the LUMO energy
(EL), and the energy gajkg) as a function oR; in INP—CdS
nanorods with fixedH = 2 nm andR =5 nm. The gap in these
heterostructures is actually the lowest exciton (electfoole
pair) energy, which can be calculated by

E,=E — By~ IR (12)
where Ep, is the binding energy resulting from the Coulomb
interaction between the electron in the LUMO and the hole in
the HOMO. Ey is the energy that will be used toward

structure as that in Figure 7.

electrolyzing water and thus is an important property in
hydrogen production. From Figure 6, we see that, as the core
radius decreases froR, = 4 nm toR; = 1 nm, the HOMO
energy changes from-1.08 to —1.33 eV and the LUMO
changes from 0.72 to 0.56 eV. Both energy changes are large
enough to satisfy the overlap requirement in most situafions,
although for the HOMO the change is more pronounced. More
importantly, these energy changes are in saenedirection,
meaning that both the HOMO and LUMO can shift upward
(downward) by increasing (reducing) the core radius to improve
their overlap with HO redox potentials without significantly
increasing the gap, which is an outstanding attribute of the-InP
CdS nanorods as photoelectrodes.

The quantum confinement effects also manifest themselves
when the height of an InPCdS nanorod varies. We depRiore
for the HOMO and LUMO in Figure 7 and the energiges,
En, andEy in Figure 8 as a function dfl of INP—CdS nanorods
with fixed Ry = 2 nm andR = 5 nm. Figure 7 shows that as
the height decreases the HOMO remains predominantly local-
ized in the core, while the LUMO is concentrated in the shell
and the charge density in the shell (1 Pcoe is slightly
enhanced. The smaller change of charge localization along the
z-axis, as compared to that along the radial direction, is due to
the enhancement or reduction of quantum confinement for both
the core and the shell when the height varies. Figure 8 indicates
that as the height of the nanorod decreases b 16 nm to
H = 1 nm, the HOMO energy changes fronl.04 to—1.14
eV, while the LUMO changes from 0.45 to 0.87 eV. Since the
change in the LUMO energy is much more significant than that
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Figure 9. Conduction (solid line) and valence (dashed line) band Figure 11. Energies of the HOMO (crosses) and the LUMO (circles)
alignments for a coreshell INP-ZnTe nanorod wittH = 10 nm,R = as well as the energy gajig) (triangles) as a function dR; in the

5 nm, andR, = 2 nm. The circles and crosses represent the same structure as that in Figure 10.
computational grid points at which the material is specified.
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Figure 10. Integrated charge distribution in the cofe.4¢ for the HOMO (crosses) and the LUMO (circles) as a function of the height
HOMO (crosses) and the LUMO (circles) as a functiorRpbf core— of core-shell INP-ZnTe nanorods with fixed, = 2 nm andR =
shell InP-ZnTe nanorods with fixedH = 2 nm andR = 5 nm. 5 nm.

in the HOMO energy, one can adjust the height to improve the described in Figure 5, where the charge distribution of the
overlap with HO redox potentials in a situation where the Homo depends weakly oR,. This difference originates from

conduction band edge does not overlap with thgHD the different band alignments illustrated in Figures 3 and 9.
potential but the valence band edge does with théH{D Because of the spatial separation of the LUMO and HOMO at
potential. small radii,®2, the square of the wave function overlap between

B. Co_re—SheII INP—ZnTe Nanorods. Figure 9 de!inegtes _ the HOMO and the LUMO, decreases from 0.9 Rat= 4 nm
conduction and valence band edges along the radial directiony, g 44 o, = 1, suggesting the recombination lifetime becomes
in the plane oz = 0 for an INP-ZnTe nanorod with dimensions twice longer. According to Figure 11, as the core radius

of R.: 5nm,H =10 nm, an(Rl =2 nm. The.band alignment decreases frorR = 4 nm toR; = 1 nm, the HOMO energy
of this InP-ZnTe nanorod is type |, with similar valence band changes from-1.01 to—1.05 eV, while the LUMO energy

edges in the core and shell. Although the type-I band alignment changes from 0.80 to 1.28 V. Thus, in the ##nTe nanorads
does not favor a spatial separation between electrons and holest,ne LUMO ene.rgy car; be sﬁifted ’notably while the HOMO

the small offset in the valence band edges can be overcome by . A L .
> i ; . . remains almost unchanged by adjusting the radial dimensions
adjusting the dimensions to realize the desired eleethmbe of the structures

separation for hydrogen production. i N o
Figures 10 and 11 descrilR.re and the energie&y, Ei, Interestingly, the phase transition of charge distribution also
and E; as a function of the core radiu®y) in InP—znTe occurs as the height of the IrZnTe nanorods varies. Figure
nanorods with a fixed height ¢ = 2 nm and an overall radius 12 shows howPcore depends ot of InP—ZnTe nanorods with
of R= 5 nm. We see from Figure 10 a similar phase transition fixed Rt =2 nm andR= 5 nm. According to Figure 12, for a
as in the InP-CdS nanorods (Figure 3). For small core radii, Structure with a height below 6 nm, the HOMO is mainly located
strong quantum confinement squeezes the HOMO out of the in the shell and the HOMO and LUMO are spatially separated,
core. Consequently, the HOMO and the LUMO are spatially While, for a structure with a height above 6 nm, the HOMO
separated with the LUMO in the core and the HOMO in the becomes localized in the core and therefore the HOMO and
shell. For large core radii, however, the HOMO has a lower LUMO stay in the same region. The dependence of the energies
energy in the core and both the LUMO and the HOMO stay in En, EL, andEg onH in the same structures is illustrated in Figure
the core. In the InPZnTe nanorods, charge distributions of 13. Again, as the height decreases from 10 to 2 nm, the LUMO
both the HOMO and the LUMO strongly depend Bn which energy change, from 0.69 to 0.95 eV, is much more pronounced
is in contrast with the situation in the IrRRCdS nanorods  than the HOMO energy change, frorD.97 to—1.03 eV.
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Figure 13. Energies of the HOMO (crosses) and LUMO (circles) as
well as the energy gagef) (triangles) as a function dfl in the same
structures as those in Figure 12.

V. Conclusions

J. Phys. Chem. B, Vol. 109, No. 48, 20052919

electron-hole separation and energy modification of the HOMO
and LUMO. In the InP-CdS nanorods, electrons are localized
in the shell and holes in the core, whereas, in the-dBRTe
structures, holes are localized in the shell and electrons in the
core. Different electrorhole separation arrangements can be
used under different aqueous conditions (e.g., different pH
values) to achieve balanced electron and hole transfer rates,
which is crucial for sustained hydrogen production.
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