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WATER SPLITTING

Amorphous TiO2 coatings stabilize
Si, GaAs, and GaP photoanodes for
efficient water oxidation
Shu Hu,1,2 Matthew R. Shaner,1,2 Joseph A. Beardslee,1 Michael Lichterman,1,2

Bruce S. Brunschwig,3 Nathan S. Lewis1,2,3,4*

Although semiconductors such as silicon (Si), gallium arsenide (GaAs), and gallium
phosphide (GaP) have band gaps that make them efficient photoanodes for solar fuel
production, these materials are unstable in aqueous media. We show that TiO2 coatings
(4 to 143 nanometers thick) grown by atomic layer deposition prevent corrosion, have
electronic defects that promote hole conduction, and are sufficiently transparent to
reach the light-limited performance of protected semiconductors. In conjunction with a
thin layer or islands of Ni oxide electrocatalysts, Si photoanodes exhibited continuous
oxidation of 1.0 molar aqueous KOH to O2 for more than 100 hours at photocurrent
densities of >30 milliamperes per square centimeter and ~100% Faradaic efficiency.
TiO2-coated GaAs and GaP photoelectrodes exhibited photovoltages of 0.81 and 0.59 V
and light-limiting photocurrent densities of 14.3 and 3.4 milliamperes per square
centimeter, respectively, for water oxidation.

T
he oxidation of water to O2 is a key process
in the direct photoelectrochemical (PEC)
production of fuels from sunlight (1, 2). A
fuel-forming reductive half-reaction in-
volving the reduction of CO2 to lower

hydrocarbons or the reduction of H2O to H2

requires an oxidative half-reaction, such as the
oxidation of water to O2. Metal oxide photo-
anodes can oxidize water to O2 in alkaline or
acidic media, but thus far have been inefficient
because their band gaps are too large and be-
cause the potential of their valence band edge is
much more positive than the formal potential

for water oxidation, Eo′(O2/H2O) (3). Although
many semiconductors, including silicon (Si), gal-
lium arsenide (GaAs), and gallium phosphide
(GaP), have valence-band edges at more negative
potentials than metal oxides and also typical-
ly have optimal band gaps for efficient solar-
driven water splitting, these semiconductors
are unstable when operated under photoanodic
conditions in aqueous electrolytes. Specifically,
in competition with oxidizing water to O2, these
materials either anodically photocorrode or pho-
topassivate (3, 4). Furthermore, passive and in-
trinsically safe solar-driven water-splitting systems
can only be constructed (5) in either alkaline or
acidic media, and the development of general
strategies to stabilize existing photoelectrode
materials under water-oxidation conditions is
an important goal.
Various coating strategies have been explored

to stabilize semiconductors with optimal band
gaps (1.1 to 1.7 eV) for direct water splitting (6).

Deposition of thin films of Pd (7), Pt (8), Ni (9), or
metal-doped SiOx (10) onto n-type Si or n-GaAs
photoanodes yields improved stability under
water-oxidation conditions, primarily near neu-
tral pH, as well as in strongly alkaline (9) or
acidic (10) media for up to 12 hours. However,
these stabilized photoanodes generally exhib-
it low photovoltages; additionally, the protec-
tive metal coating is either too thick to be highly
optically transmissive or too thin to afford ex-
tended stability during water oxidation, particu-
larly in alkaline or acidic media. Transparent
conductive oxide (TCO) coatings on Si and GaAs
are not stable in strongly alkaline or acidic me-
dia, and also produce low voltages because of
defective semiconductor/TCO interfaces. (11, 12)
Coatings of Ni islands (9), as well as MnOx (13)
and NiOx (14) films on Si, have been used to cat-
alyze the oxidation of water and thus provide
some degree of stability enhancement.However,
such coatings do not enable prolonged operation
in alkaline media and/or yield very low photo-
voltages because of a large density of interface
states at the Si/Ni interface.
Conformal layers of 2-nm thin TiO2 formed

by atomic layer deposition (ALD) have been
used to stabilize Si, and in conjunction with an
IrOx catalyst, to effect water oxidation (15). De-
position of such electrically insulating films at
larger thickness, to reliably prevent pinholes
and thus suppress active corrosion over mac-
roscopic areas, creates a tunneling barrier for
photogenerated holes. As this barrier becomes
thicker, it no longer conducts holes via a tun-
neling mechanism and also introduces a large
series resistance to a PEC device, degrading its
efficiency to low values. Specifically, as the TiO2

thickness was increased, the overpotential for
the oxygen-evolution reaction (OER) increased
linearly at a rate of ~21 mV nm−1 (16), resulting
in an additional voltage loss of ~200 mV for a
12-nm thick TiO2 overlayer, even at a current
density of 1 mA cm−2.
We describe a general approach to signifi-

cantly improve the stability of Si, GaAs, and
GaP photoanodes against both photocorrosion
and photopassivation for water oxidation in
alkaline media [all results reported below are
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for 1.0 M aqueous KOH (pH 13.7) unless noted
otherwise]. Instead of promoting corrosion
of the underlying anode, the photogenerated
holes are conducted away from the semicon-
ductor through hundred-nanometer-thick, “elec-
tronically leaky” TiO2 films to Ni islands on
the surface of the film, where the holes are used
by Ni oxide to oxidize water to O2 (Fig. 1A). The
Ni islands or thin Ni film/TiO2 coating trans-
mits most of the incident light and preserves
high short-circuit photocurrent densities ex-
pected from the underlying semiconductor under
simulated sunlight. The conduction mechanism
through the protective coating is different from
that obtained from a tunneling barrier, and the
photoanodes additionally exhibited much larger
photovoltages than those obtained from the di-
rect deposition of metal or TCO films onto Si or
GaAs photoanodes (6, 7, 10, 11).
Thick overlayers of TiO2 (4 to 143 nm) were

deposited on Si, GaAs, and GaP electrodes by
ALD, to provide a range of coating thicknesses
that allowed for minimization of the pinhole
density while providing conformality and ac-
ceptable barrier layer properties. Thermal an-
nealing produced stoichiometric insulating

crystalline TiO2 films that created an inter-
facial tunneling barrier for photogenerated
charge carriers. Hence, instead we used un-
annealed TiO2, which is electronically defec-
tive and possibly nonstoichiometric, to allow
for the passage of very high (>1 A cm−2) current
densities as a “leaky” dielectric (17). The elec-
tronic defects in these unannealed ALD-grown
TiO2 films presumably arise from structural dis-
order (amorphous phase) and/or chemical im-
purities (such as carbon or nitrogen) from the
precursors used in the ALD process [as shown by
secondary-ion mass spectroscopy, fig. S1 (18)].
Hall measurements indicated that the concen-
tration of electrons in the as-grown ALD-TiO2

was 4 × 1016 cm−3. We then deposited a 100-nm-
thick Ni film or 100-nm-thick Ni islands (square
arrays of 3-mm-diameter circles on a 7-mm pitch)
onto the TiO2 overlayer by sputtering or electron-
beam evaporation.
The electrochemical current density (J) versus

potential (E) behavior of degenerately p-type
doped p+-Si and p+-GaAs electrodes coveredwith
4 to 143 nm of TiO2 and a 100-nm-thick Ni film
weremeasured in the dark to determine the over-
potential associatedwith these films. The catalytic

activity of Ni oxide improves over time in alkaline
electrolytes, and hence the depicted data are from
the third voltammetric cycle of the electrode. The
overpotential required to drive the OER at a cur-
rent density of 10mAcm−2was 0.34 to 0.37 V for a
degenerately doped p+-Si/TiO2/Ni-film electrode
andwas0.37V for ap+-GaAs/TiO2/Ni-filmelectrode
[fig. S2 (18)]. At a current density of 20 mA cm−2,
the voltage loss caused by the TiO2 coatings on a
p+-Si/TiO2/Ni-film electrode was thus <50mV as
compared to that of a continuous 100–nm-thick
Ni film with no intervening TiO2 layer. The mea-
sured overpotentials are in accord with the re-
ported behavior of Ni oxide for OER in alkaline
media. (19–21) An oxygen probe indicated that O2

(gaseous) was produced with 99 T 1% Faradaic
efficiency in these systems.
The PEC behavior of unannealed TiO2 coat-

ings on photoactive n-Si and n-GaP, aswell as the
behavior of unannealed TiO2 on buried-junction
n-p+-Si photoelectrodes and on buried-junction
n-p+-GaAs electrodes, is shown in Fig. 1, B to E.
The electrocatalyst overlayers were 100-nm-thick
patterned Ni islands on Si and were 2-nm Ni
films on GaAs and GaP. A p+ emitter layer was
additionally formed on the n-Si to demonstrate

Fig. 1. Photodriven water oxidation on protected
semiconductors. (A) Cross-sectional schematic
of a photoanode stabilized against corrosion in a
1.0 M KOH(aq) by a thick electronically defec-
tive layer of unannealed TiO2 deposited by ALD.
Instead of corroding the anode, the photogener-
ated holes are conducted through the TiO2 to Ni
electrocatalysts, where the holes are used to oxi-
dize water to O2. (B to E) Photoelectrochemical
behavior, spectral response, and Faradaic efficiency
of TiO2-coated n-Si, np+-Si, n-GaP, and np+-GaAs
photoanodes in 1.0 M KOH(aq). The formal po-
tential for oxidation of water to O2(g) is labeled
at 0.19 V versus SCE. (B) The Si photoelectrodes
were tested under ELH-type W-halogen simulated
solar illumination at 1.25 Sun, and the 100-nm-
thick Ni-island electrocatalysts were patterned in square arrays of 3-mm-
diameter circles on a 7-mm pitch. (C) Overlay of the normal-incidence op-
tical absorptance and external quantum yields for n-Si photoelectrodes
coated with 68 nm of TiO2 and patterned Ni islands. The electrode po-
tential was held at 0.35 V versus SCE. (D) The 2-nm Ni /118-nm TiO2–

coated np+-GaAs and n-GaP photoelectrodes were tested under simulated
AM 1.5 illumination at 1 Sun and in the dark. The dark behavior of typical
p+-Si/TiO2/Ni and p+-GaAs/TiO2/Ni electrodes is chosen from fig. S2

(18) and included in (B) and (D), respectively, to show the shift in po-
tential of the photoelectrodes. (E) Overlay of the cumulative O2(g) de-
tected and charge passed from 0 to 30 min for Ni islands/44-nm TiO2-coated
np+-Si and np+-GaAs photoelectrodes, and 2-nm Ni/118-nm TiO2-coated
n-GaP photoelectrodes. The electrodes were held at 0.05, –0.32. and
0.18 V versus SCE, respectively. The axes were labeled assuming a 100%
Faradaic efficiency when the data for charge passed and O2 detected
overlap.
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the versatility of the protection strategy, because
this buried junction was expected to produce
a characteristic open-circuit voltage, Voc, of
0.50 to 0.55 V at illumination intensities suf-
ficient to produce short-circuit photocurrent
densities of 33.6 mA cm−2, in accord with
expectations based on the diode-limited per-
formance of Si n-p+ junctions at the doping
densities investigated.
Under 1.25-Sun of ELH-type W-halogen sim-

ulated solar illumination, the light-limited photo-
current density of the n-Si/TiO2/Ni-island and
n-p+-Si/TiO2/Ni-island electrodes was 34.7 T
1.7 mA cm−2 for a TiO2 thickness of 4 to 143 nm
(Fig. 2A), corresponding to a photocurrent den-
sity of 27.7 T 1.4 mA cm−2 at 1 Sun. This current
density is in accord with expectations (27.0 mA
cm−2) based on an integration of the measured
spectral response of the photoanodes (Fig. 2B)
with the air mass (AM) 1.5 1-Sun solar spectrum.
The n-p+-Si/TiO2/Ni-island and n-p+-GaAs/TiO2/
Ni-film photoanodes exhibited photovoltages
of 0.52 T 0.03 V and 0.81 T 0.02 V relative to the
formal potential for water oxidation, Eo′(O2/H2O)
of 0.19 V versus a saturated calomel electrode
(SCE), respectively. Under the respective illumi-
nation conditions, the Si/TiO2/Ni island photo-
electrode exhibited a photocurrent density of
6.6 mA cm−2 at a potential of 0.13 V versus SCE,

and the GaAs/TiO2/Ni film photoelectrode ex-
hibited a photocurrent density of 11.9 mA cm−2

at a potential of –0.22 V versus SCE. The n-GaP/
TiO2/Ni film photoanodes showed a 0.59 T 0.02 V
photovoltage versus Eo′(O2/H2O) under simu-
lated AM 1.5 1-Sun illumination, with a photo-
current density of 1.4 mA cm−2 at a potential of
0.06 V versus SCE. The light-limited photocur-
rent densities for the TiO2-coated GaAs and
GaP photoelectrodes were 14.3 and 3.4 mA cm
−2 at 1 Sun, respectively. The catalytic currents
for Si, GaAs, and GaP photoanodes became
significant on this current scale at ~0.3 V more
positive than the measured open-circuit poten-
tials of the respective photoelectrodes under illu-
mination, due to the overpotentials associated
with electrocatalysis of the OER under these
conditions. The O2(g) detected by an O2 probe
(Fig. 1E) was plotted assuming that four holes
generated one molecule of O2(g) at 100% Faradaic
efficiency; i.e., 0.33 mA hour of charge passed
corresponded to 100 mg of generated O2. All of
these photoelectrodes thus showed 99 T 1%
Faradaic efficiency for O2 production, as deter-
mined by the calibrated O2 probe.
Figure 2 shows the photocurrent density as a

function of time for an n-p+-Si/TiO2/Ni-island
electrode under light-limited conditions (1.25
Sun) at 0.93 V versus SCE. The light intensity

was monitored by a photodiode, and fluctua-
tions of the photocurrent were caused by the
formation of O2 bubbles on the electrode as
well as by variations in the illumination in-
tensity from the lamp. The photocurrent for
the unannealed, electronically defective TiO2-
coated Si photoelectrode with patterned Ni
islands decreased by ~10% after 100 hours of
continuous operation, and the fill factor ( ff )
decreased only slightly [<5%; fig. S5 (18)]. The
analogous n-p+-GaAs/TiO2/Ni-film and n-GaP/
TiO2/Ni-film photoanodes also exhibited sta-
ble water-oxidation photocurrents for >25 hours
of continuous operation [fig. S6 (18)]. The photo-
current and ff decreased by ~8% and <5% after
5 hours, respectively.
The Si/TiO2/Ni interface was characterized

in cross-section using element-contrast scanning
transmission electronmicroscopy (Fig. 3A) aswell
as energy-dispersive x-ray spectroscopy (EDS)
with <1 nm spatial resolution (Fig. 3B). The EDS
line profiles of Ni, Ti, and O across the same
TiO2/Ni interface showed a gradual decrease of
the Ni signal as the Ti signal increased when the
sampled area was scanned from the bulk Ni film
into the TiO2 film. Hence, detectable intermixing
ofNi andTiO2 occurred onlywithin a region~5nm
in depth. The major diffraction-ring pattern ob-
served in a selected-area diffraction pattern ac-
quired at the Ni/TiO2 interface indicated the
presence of a polycrystalline phase of Ni, whereas
the diffused ring that surrounded the transmitted
beam can be attributed to the amorphous struc-
ture of the TiO2 [fig. S7 (18)].
Secondary-ion mass spectrometry (SIMS) on

TiO2 films with and without Ni deposition [fig.
S1 (18)] confirmed the EDS results. The SIMS
data also indicated that the deposited Ni did not
penetrate through the full 143-nm depth of TiO2.
Specifically, no Ni filaments extending through
the filmwere detected either from the SIMS data
on a 125 × 125 mm2 area of the TiO2 sample or by
the TEM characterization within ~10 mm width
of the thin region.
Figure 4 shows the behavior of Si/TiO2/Ni film

orNi-island electrodes in contact with an aqueous
solution of the one-electron, outer-sphere, revers-
ible, Fe(CN)6

3–/4– (50mM/ 350mM) redox couple.
Mass transport–limited anodic current densities
of 120mA cm−2 were observed for p+-Si/TiO2/Ni-
film electrodes in the dark (Fig. 4A), and light-
limited anodic current densities of 35 mA cm−2

were observed for n-Si/TiO2/Ni-island electrodes
under illumination (Fig. 4B). These results indi-
cate that holes were readily conducted through
the TiO2 overlayer to the Fe(CN)6

3–/4– redox couple
in thepresence ofNi films orNi islands on theTiO2

surface. For comparison, Fig. 4A displays the
behavior of a continuous Ni film electrode tested
under the same conditions (orange curve). The
p+-Si/TiO2/Ni-film and the Ni film electrodes
showed mutually similar resistances near the
rest potential of 0.19 V versus SCE. The upper
and lower limits of each data set in Fig. 4A are
indicative of the limiting anodic and cathodic
current densities, respectfully, and result from
diffusion and convection of redox species in an

Fig. 2. Chronoamperometry of an
n-p+-Si photoanode coated with
44 nm of TiO2 and Ni islands for
over 100 hours in 1.0 M KOH(aq).
The photocurrent density versus
time (red curve) was overlaid with
the illumination intensity versus
time (black curve). The electrode
potential was held at 0.93 V
versus SCE. The ENH-type
tungsten-halogen light bulb
burned out at the 54th hour and
was then replaced with another
ENH bulb, and the experiment was
continued as indicated. The
illumination intensity was 1.25 Sun.

Fig. 3. Structural and chemical characterization of the Si/TiO2/Ni interface. Both Ni and TiO2 films
in this study were continuous, with thicknesses of 100 nm and 68 nm, respectively. (A) Elemental
contrast image of the Si/TiO2/Ni interface by scanning TEM. (B) EDS line profiles of Ni,Ti, O, and Si across
the TiO2 interface.
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agitated solution. The same behavior was also
observed in the dark for p+-GaAs/68-nm TiO2/Ni
electrodes [fig. S8 (18)].
Under simulated 1.25-Sun illumination, an

n-Si/TiO2/Ni-island electrode in contact with
the Fe(CN)6

3–/4– redox couple exhibited Voc =
0.41 T 0.03 V [versus the Fe(CN)6

3–/4– Nernstian
cell potential] and light-limited photocurrent den-
sities of 34.6 T 0.6 mA cm−2 (Fig. 4B). A ff of 0.49 T
0.08 was calculated at the maximum power-
conversion point, with the Voc defined as the po-
tential difference between the n-Si/TiO2/Ni-island
photoanode under illumination and theNernstian
potential of the Fe(CN)6

3–/4– solution. The light-
limited photocurrent densities in contact with
Fe(CN)6

3–/4–(aq) were within T 2mA cm−2 of those
observed for the same electrodes during the
OER in contact with 1.0 M KOH(aq).
The data indicate that the unannealed ALD-

TiO2 films prepared and exploited in our work
are “leaky” (electronically defective) and thus
highly conductive, with the exception of a thin
insulating barrier layer at the surface of the as-
grown film. In this model, intermixing of the
deposited Ni provides electrical contact through
the insulating surface layer. This combination
allowed the thick ALD-TiO2 films to act as a high-
ly effective corrosion barrier while facilitating
interfacial charge transport with minimal resist-
ive loss. Consistently, without a Ni film or Ni is-
lands, rectifying J-E behavior and low anodic
current densities were observed for p+-Si/TiO2

electrodes in the dark and for n-Si/TiO2 under
illumination. This hypothesis is also consistent
with the behavior observed in contact with Fe
(CN)6

3–/4–(aq) [fig. S9 (18)] and 1.0 M KOH(aq)
[fig. S10 (18)]. When the ALD-TiO2 surface was
sputtered to remove the top layer and left with
trace metals on the surface [fig. S11 (18)], the
TiO2 film exhibited anodic current densities of
>120 mA cm−2 in contact with Fe(CN)6

3–/4–(aq).
Furthermore, when a Hg drop was used to con-
tact p+-Si/unannealed TiO2 samples, anodic current

densities of <0.2 mA cm−2 were measured at a
0.02 V bias voltage, whereas theHg-drop–contacted
samples passed >104 larger anodic current den-
sities at this biaswhen the top layer of the ALD-TiO2

films was either intermixed with Ni or was re-
moved physically [fig. S12 (18)]. Ir deposits also
enabled anodic conduction through the unan-
nealed TiO2 films, but the observation of anodic
current densities of 50 to 120 mA cm−2 required
additional voltage losses of ~0.40 V when Ir was
used instead of Ni.
The observed energy-band alignment for a

p+-Si substrate with an ALD-grown unannealed
TiO2 film indicated a large valence-band offset
of 2.22 T 0.08 eV [fig. S13 (18)]. The potential
distribution under operation is expected to be
a complicated function of the energetics and
charge-transfer kinetics at the various inter-
faces in these multicomponent photoelectrode
systems. Spectroscopic ellipsometry data indi-
cated that the optical band gap for the TiO2

film was 3.34 T 0.01 eV [fig. S14 (18)]. Unlike
photocathodes, where electrons can be expected
to inject into the conduction band of TiO2 (22),
stoichiometric nondefective TiO2 films should
present a tunneling barrier for holes in the val-
ence band. Hence, TiO2 films with thicknesses
of 4 to 143 nm should attenuate anodic currents
to levels at or below 100 mA cm−2, in accord with
prior observations (23, 24). A Mott-Schottky
analysis indicated that the flat-band potential of
TiO2 in contact with Fe(CN)6

3–/4–(aq) was –1.4 V
versus SCE [fig. S15 (18)]. However, x-ray photo-
emission spectra revealed a 2-eV-wide distri-
bution of filled defect states spanning from
the conduction band to the mid-gap region (Fig.
4C), suggesting that holes could be transported
through TiO2 preferentially via the defect states
instead of by the valence band. These defect
states are not present, presumably due to oxi-
dation by air or water, at the TiO2 surface after
the ALD process. This hypothesis is consistent
with the observation that invasive contacts,

established by Ni intermixing or physical
removal of the most exposed layer of the TiO2

film, enabled conduction pathways via these
defect states, whereas nonpenetrating con-
tacts such as the Hg drop or an aqueous redox
solution did not effectively access these de-
fect states and thus exhibited minimal conduc-
tion through the entire unannealed TiO2 thick
overlayer.
Consistently, relatively large cathodic current

densities, >15 mA cm−2, were observed for TiO2-
coated Si and GaAs, even without a thin metallic
film deposited on the TiO2 surface (Fig. 4 and fig.
S10). The 0.0 T 0.1 eV conduction band offset for
Si and TiO2 suggests a band-transport mecha-
nism for electron conduction. Three- to 100-nm-
thick TiO2 coatings have been shown to protect
photocathodes of p-InP (25), p-Cu2O/n-ZnO (26),
and p-Si (27) by allowing electrons to transport
via the conduction band of TiO2 and are nor-
mally designed to block hole transport (28).
The key to enabling the conduction of holes

across the thick TiO2 protective coating is the use
of unannealed ALD-TiO2. Unannealed ALD TiO2

combines optical transparency and high elec-
trical conductivity to both electrons and holes,
while allowing the incorporation of metal cata-
lyst overlayers and providing chemical stability in
a variety of aqueous media, specifically including
alkaline anodic operational conditions. Because
defect states (0 to 2 eV versus the conduction-
band edge) exist in the ALD-TiO2 film (Fig. 4C),
the observed hole conduction exhibited negli-
gible voltage loss and was independent of film
thickness over the range of 4 to 143 nm. When
the TiO2 film was annealed, the observed anodic
current densities decreased to 2mAcm−2 at 0.50 V
overpotential versus Fe(CN)6

3–/4–(aq), even when
a Ni overlayer was deposited on top of 4 nm of
ALD-TiO2 [fig. S16 (18)].
For the n-p+-Si/TiO2/Ni-island photoanode,

the photovoltage from the Si mainly offset
the overpotential for water oxidation for this

Fig. 4. Defect-state–mediated hole-conduction mechanism. (A) Elec-
trochemical behavior of p+-Si/TiO2/Ni-film electrodes in contact with 50mM
Fe(CN)6

3– and 350 mM Fe(CN)6
4–(aq) in the dark. The dashed curves

indicate the behavior without Ni; i.e., p+-Si/3-nm and 143-nm TiO2 [all
thicknesses are shown in fig. S10 (18)]. (B) PEC behavior of n-Si/TiO2/Ni
island photoelectrodes in the same electrolyte under simulated ELH-type
1.25-Sun illumination.The dashed curve indicates the behavior of n-Si/44-nm

TiO2 photoelectrodes without Ni.The Nernstian potential of the Fe(CN)6
3–/4–

solution was 0.19 V versus SCE. Ni films were deposited for TiO2-coated
p+-Si, whereas Ni islands (square arrays of 3-mm-diameter circles in 7-mm
pitch) were deposited on TiO2-coated n-Si. (C) X-ray photoemission valence
spectrum of the 44-nm ALD-TiO2 on Si without removing the top layer of
the nonconducting TiO2, indicating the filled defect states in the TiO2

band gap.
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state-of-the-art electrolyte/electrocatalyst combi-
nation (29). The J-E data for this photoanode thus
extended only slightly into the power-producing
region; i.e., anodic photocurrents of ~10 mA cm−2

were observed at negative electrode potentials
relative to Eo′(O2/H2O). Nevertheless, to provide
perspective on the shift in potential provided
by the photoelectrode, obtaining the observed
J-E performance of the n-p+-Si/44-nm TiO2/Ni
island photoanode with a Si photovoltaic (PV)
cell electrically in series with an electrocata-
lytic anode that exhibited identical J-E be-
havior to that of the p+-Si/44-nm TiO2/Ni film
electrode in the dark (30) would require the use
of a 9.4% efficient Si PV cell with a Voc of 0.43 V,
a Jsc (short-circuit photocurrent density) of
27.7 mA cm−2, and a ff of 0.79. In fact, the
required 9.4% PV energy-conversion efficiency
is an underestimation of the light-induced per-
formance of the photoelectrode, because the
light-blocking electrocatalytic Ni islands covered
14.4% of the electrode surface, and thus an
~11.0% efficient PV cell connected in series with
the electrocatalyst/electrolyte combination would
be required to produce the PEC J-E data ob-
served from the photochemically active area of
the integrated n-p+-Si/TiO2/Ni-island photoelec-
trode asssembly described here. An analogous
calculation indicated that a 12.7% GaAs PV cell
would be required to produce the J-E behavior
observed for the integrated n-p+-GaAs/TiO2/Ni
film photoelectode assembly described here.
The photovoltage produced by the n-Si/TiO2

interfaces was ~0.4 V, which is lower than that
of an np+-Si diode or than the theoretical bulk
recombination limit. The photovoltage might
be improved by exercising further control over
the interface; for example, by initiating ALD
with a seed layer of C-Si bonds. Methyl termi-
nation passivates the Si surface electronically
and introduces interfacial dipoles that can
generate high photovoltages (31). In addition,
the ability to engineer the energy levels and the
distribution of defect states in chemically sta-
ble coatings such as TiO2 offers the opportunity
to stabilize a host of narrow band-gap semi-
conductors for use in oxidative photochemistry.
We have explored the use of thick pinhole-free
ALD-TiO2 films to protect Si, as well as GaAs and
GaP, from photocorrosion. This method sug-
gests a logical extension to other materials such
as II-VIs (e.g., CdSe), III-nitrides (e.g., InGaN),
and chalcolpyrites (e.g., CuInGaSe2), which opens
the possibility for the use of earth-abundant semi-
conductors other than stable metal oxides for
efficient solar fuel production.
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WATER STRUCTURE

Vibrational spectral signature
of the proton defect in the
three-dimensional H+(H2O)21 cluster
Joseph A. Fournier, Christopher J. Johnson, Conrad T. Wolke, Gary H. Weddle,
Arron B. Wolk, Mark A. Johnson*

The way in which a three-dimensional network of water molecules accommodates an
excess proton is hard to discern from the broad vibrational spectra of dilute acids.
The sharper bands displayed by cold gas-phase clusters, H+(H2O)n, are therefore useful
because they encode the network-dependent speciation of the proton defect and
yet are small enough to be accurately treated with electronic structure theory.
We identified the previously elusive spectral signature of the proton defect in the
three-dimensional cage structure adopted by the particularly stable H+(H2O)21 cluster.
Cryogenically cooling the ion and tagging it with loosely bound deuterium (D2) enabled
detection of its vibrational spectrum over the 600 to 4000 cm−1 range. The excess
charge is consistent with a tricoordinated H3O

+ moiety embedded on the surface
of a clathrate-like cage.

T
he nature of proton speciation in water
remains an elusive aspect of aqueous chem-
istry because of the remarkably diffuse vi-
brational features traceable to the excess
proton in dilute acid solutions (1–3). The

spectroscopic properties of small protonated
water clusters, H+(H2O)n, frozen into well-defined

structures, have therefore attracted a great deal
of interest over the past decade, as they re-
veal how the spectral signatures associated
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